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PROBLEM 11.CQ1 


A bus travels the 100 miles between A and B at 50 mi/h and then another 
100 miles between B and C at 70 mi/h. The average speed of the bus for the 
entire 200-mile trip is: 


A 


(a) more than 60 mi/h 



* (b) equal to 60 mi/h 

(c) less than 60 mi/h 


SOLUTION 

The time required for the bus to travel from A to B is 2 h and from B to C is 100/70 = 1.43 h, so the total time 
is 3.43 h and the average speed is 200/3.43 = 58 mph. 

Answer: (c) M 
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PROBLEM 11CQ2 



<_» 



Two cars A and B race each other down a straight 
road. The position of each car as a function of time 
is shown. Which of the following statements are 
true (more than one answer can be correct)? 

(a) At time t 2 both cars have traveled the same 
distance 

( b ) At time t\ both cars have the same speed 

(c) Both cars have the same speed at some time t<t\ 

(cl) Both cars have the same acceleration at some 
time t <t\ 

( e ) Both cars have the same acceleration at some 
time t x <t <t 2 


SOLUTION 

The speed is the slope of the curve, so answer c) is true. 

The acceleration is the second derivative of the position. Since A’s position increases linearly the second 
derivative will always be zero. The second derivative of curve B is zero at the pont of inflection which occurs 
between t\ and t 2 . 

Answers: (c) and ( e ) ^ 
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PROBLEM 11.1 

The motion of a particle is defined by the relation x = t 4 - 10/ 2 + 8/ + 12, where x and t are expressed in 
inches and seconds, respectively. Determine the position, the velocity, and the acceleration of the particle 
when t— Is. 


SOLUTION 

x — —10+8^ + 12 



v = — = 4 1 3 - 20 1 + 8 
dt 



a = — = l2t 2 —20 
dt 


At t - 1 s, 

* = 1-10 + 8 + 12 = 11 

* = 11.00 in. 4 


v = 4 - 20 + 8 = -8 

v- -8.00 in./s 4 


a = 12-20 = -8 

a - -8.00 in./s 2 4 
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PROBLEM 11.2 


The motion of a particle is defined by the relation x-21 3 - 91 1 + 12f +10, where x and f are expressed in feet 
and seconds, respectively. Determine the time, the position, and the acceleration of the particle when v = 0. 


SOLUTION 


x — 2t 3 — 9t 2 + 12 1 + 10 


Differentiating, 

v = — — 6t~ — 1 8f + 12 = 6(f — 3f + 2) 
dt 

= 6(t - 2)(/ -1) 

a = — = 12/ —18 
dt 


So v = 0 at f = ls and t- 2 s. 

At r = ls, 

jq = 2-9 + 12 + 10 = 15 

t = 1.000 s ◄ 


1 

II 

OO 

1 

<N 

II 

sT 

Xy= 15.00 ft ◄ 

flj = -6.00 ft/s 2 ◄ 

At t- 2 s, 


x 2 = 2(2) 3 - 9(2) 2 +12(2) + 10 = 14 

t = 2.00 s A 

x 2 = 14.00 ft ◄ 


a 2 = (12)(2) —18 = 6 

a 2 = 6.00 ft/s 2 -4 
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PROBLEM 11.3 

The vertical motion of mass A is defined by the relation x = 10 sin 2t + 15cos2? +100, 
where x and t are expressed in mm and seconds, respectively. Determine (a) the position, 
velocity and acceleration of A when t— Is, (b) the maximum velocity and acceleration of A. 


SOLUTION 

x = lOsin 2t + 15cos 2t + 100 

v = — = 20cos 2f- 30sin 2 1 
dt 

a- — - -40sin2r-60cos2f 
dt 

For trigonometric functions set calculator to radians: 

(a) At f = ls. x 1 =10sin2 + 15cos2 + 100 = 102.9 x 1 =102.9 mm M 

Vj =20cos2-30sin2 = -35.6 Vj = -35.6 mm/s M 

a x — -40sin2-60cos2 = -11.40 — -11.40 mm/s 2 A 

( b ) Maximum velocity occurs when a- 0. 

-40 sin 2 1 - 60 cos 2t = 0 

tan 2 1 = —— = —1.5 
40 

2t = tan _1 (-1.5) = -0.9828 and -0.9828 + ^ 

Reject the negative value. 2 1 — 2.1588 

t = 1.0794 s 
t- 1.0794 s forv max 

so v max = 20cos(2.1588) - 30sin(2.1588) 

= -36.056 Vm^ = -36.1 mm/s 4 

Note that we could have also used 

^max =V20 2 +30 2 =36.056 
by combining the sine and cosine terms. 

For max we can take the derivative and set equal to zero or just combine the sine and cosine terms. 

a nia x -V40 2 +60 2 =72.1 mm/s 2 a max - 72.1 mm/s 2 M 
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PROBLEM 11.4 



A loaded railroad car is rolling at a constant velocity when 
it couples with a spring and dashpot bumper system. After 
the coupling, the motion of the car is defined by the 
relation x = 60c 4S ' sin 1 6t where x and t are expressed in 
mm and seconds, respectively. Determine the position, the 
velocity and the acceleration of the railroad car when 
(a) t- 0, ( b ) t- 0.3 s. 


SOLUTION 


(a) At t = 0, 


( b ) At t = 0.3 s, 


x = 60c -4 ’ 8 ' sinl6t 

v = - = 60(-4.8)e^’ 8 ' sin 16/ + 60(16)e -4 ’ 8 ' cos 16/ 
dt 

v = -288c -4 ’ 8 ' sin 16 1 + 960c -4 8 ' cos 16/ 


ci = — = 1382.4c -4 ’ 8 ' sin 16/- 4608e^ 8f cosl6t 
dt 

- 4608c -4 8 ' cosl6t - 15360c^’ 8 ' sin 16t 
n = -13977.6c -4 ’ 8 ' sin 16/ -9216c -4 ’ 8 cosl6r 

x 0 =° 

v 0 = 960 mm/s 

a 0 = -9216 mm/s 2 

e -4 ’ 8 ' = e" 1 ’ 44 = 0.23692 
sin 16 1- sin 4.8 = -0.99616 
cosl6t = cos4.8 = 0.08750 

x 03 = (60)(0.23692)(—0.99616) = -14.16 

v 03 = —(288)(0.23692)(—0.99616) 

+ (960)(0.23692)(0.08750) = 87.9 

a 03 = —(13977.6)(0.23692)(—0.99616) 

- (9216)(0.23692)(0.08750) = 3108 


x 0 = 0 mm 4 
v 0 = 960 mm/s —- A 
a 0 = 9220 mm/s 2 -— ^ 

Xq 3 = 14.16 mm -— M 

v 0 3 = 87.9 mm/s —- ^ 

a 03 =3110 mm/s 2 4 
or 3.11 m/s 2 —* A 
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PROBLEM 11.5 

The motion of a particle is defined by the relation x — 6t 4 - 2l -12/ 2 + 3f + 3, where x and t are expressed in 
meters and seconds, respectively. Determine the time, the position, and the velocity when a — 0. 
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PROBLEM 11.6 

The motion of a particle is defined by the relation x = t —91 + 24 1 - 8, where x and t are expressed in inches 
and seconds, respectively. Determine (a) when the velocity is zero, (b) the position and the total distance 
traveled when the acceleration is zero. 


SOLUTION 


We have 

x = r 3 - 9r + 24t - 8 

Then 

v — —— — 3f 2 — 18i + 24 


dt 

and 

dv 

a = — = 6f —18 


dt 

(a) When v = 0: 

3r -18r + 24 = 3(? 2 -6f+ 8) = 


(t - 2){t - 4) = 0 

t = 2.00 s and t = 4.00 s A 


( b ) When a — 0: 

At t - 3s: 

First observe that 0 < t < 2 s: 

2 s < t < 3 s: 

Now 
At t = 0: 

At t — 2 s: 


6f-18 = 0 or t = 3 s 

x 3 = (3) 3 - 9(3) 2 + 24(3) - 8 or x 3 = 10.00 in. ◄ 

v>0 
v<0 

x' 0 = -8 in. 

x 2 = (2) 3 - 9(2) 2 + 24(2) - 8 = 12 in. 


Then 


!-W 

-4IM. O \Oiili 

x 2 -x 0 =12- (-8) = 20 in. 

I x 3 -x 2 l = 110-121 = 2 in. 


Total distance traveled = (20 + 2) in. 


Total distance = 22.0 in. M 
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PROBLEM 11.7 

The motion of a particle is defined by the relation x — 21 —15/ + 24? + 4, where x is expressed in meters 
and t in seconds. Determine (a) when the velocity is zero, ( b ) the position and the total distance traveled when 
the acceleration is zero. 


SOLUTION 


(a) v = 0 when 


( b ) 


a — 0 when 


For t - 2.5 s: 


x-2t 3 -15r +24f + 4 

v = — = 6 1 ~ - 30 1 + 24 
dt 

a = — = 12?— 30 
dt 


6r - 30f + 24 = 0 
6(4 - l)(t - 4) = 0 

12r-30 = 0 t = 2.5 s 

x 2 5 = 2(2.5) 3 -15(2.5) 2 + 24(2.5) + 4 


t = 1.000 s and t = 4.00 s A 


x 2.5 =+1-500 m A 


To find total distance traveled, we note that 
v = 0 when t = 1 s: 


For t = 0, 

Distance traveled 
From f = 0tof = ls: 
From t = 1 s to t = 2.5 s: 


x 1 = 2(1) 3 -15(1) 2 + 24(1) + 4 
x, =+15 m 


x 0 = +4 m 


X[-x 0 =15-4=llm —► 
x 25 - x l = 1.5 -15 = 13.5 m - 



Total distance traveled = 11 m +13.5 m 


t 2 S 


Total distance = 24.5 m A 
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PROBLEM 11.8 

3 2 

The motion of a particle is defined by the relation x = t —6/ — 36/ - 40, where x and / are expressed in feet 
and seconds, respectively. Determine (a) when the velocity is zero, (b) the velocity, the acceleration, and the 
total distance traveled when x = 0. 


SOLUTION 



We have 

x = / 3 - 6/’ - 36/ - 40 


Then 

v = — = 3/ 2 -12/-36 
dt 


and 

dv 

a — — = 6/ -12 
dt 


(a) When v = 0: 

3r -12/ - 36 = 3(r - 4/ -12) = 0 


or 

(/ + 2)(/ -6) = 0 


or 

/ = —2 s (Reject) and / = 6 s 

/ = 6.00 s M 

( b ) When x = 0: 

o 

II 

o 

1 

CO 

1 

CM 

'O 

1 

CO 


Factoring 

(/ —10)(/ + 2)(/ + 2) = 0 or / = 10s 


Now observe that 

0</<6 s: v<0 



6 s < / < 10 s: v > 0 


and at / = 0: 

o 

1 

II 


/ = 6 s: 

x 6 = (6) 3 - 6(6) 2 - 36(6) - 40 



= -256 ft 


/ = 10 s: 

v 10 = 3(10) 2 -12(10) - 36 

or v w = 144.0 ft/s -4 


a l0 = 6(10)-12 

k - ^T~| 

_i-1-L_ w 

-isnt o A 

(to s') no s> 

or a w - 48.0 ft/s 2 4 

Then 

1 x 6 - x 0 l = 1 -256 - (-40)1 = 216 ft 
xio - x 6 = 0 - (-256) = 256 ft 


Total distance traveled = 

(216 + 256) ft 

Total distance = 472 ft 4 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


12 






PROBLEM 11.9 

The brakes of a car are applied, causing it to slow down at a 
rate of 10 m/s 2 . Knowing that the car stops in 100 m, 
determine (a) how fast the car was traveling immediately 
before the brakes were applied, ( b ) the time required for the 
car to stop. 


SOLUTION 


a = -10 ft/s 2 


(a) Velocity at x = 0. 


dv in 

v— = a — -10 

dx 



J 

r 0 r Xf 

vdv--\ (-10 )dx 

v 0 Jo 



Va 

0-^- = -10x / = -(10)(300) 




Vq = 6000 

v 0 - 77.5 ft/s 2 ◄ 

( b) Time to stop. 


dv in 

— -a = -10 

dx 




[ ° dv = — f ’ f -Wdt 

1 Vo J 0 



O 

1 

© 

II 

1 

O 




_ v 0 _ 77.5 
f 10 10 

t f = 7.75 s ◄ 
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PROBLEM 11.10 


The acceleration of a particle is directly proportional to the time t. At t- 0, the velocity of the particle 
is v = 16 in./s. Knowing that v = 15 in./s and that x — 20 in. when t = 1 s, determine the velocity, the position, 
and the total distance traveled when t - 7 s. 


SOLUTION 



We have 

a — kt k — constant 


Now 

dv , 

— — a — kt 
dt 


At t — 0, v = 16 in./s: 

*8 

O 

II 

> 

> so 


or 

v-16 = —kt 2 

2 


or 

1 ? 

v = l6 + —kt (in./s) 


At / = 1 s, v = 15 in./s: 

15 in./s = 16 in./s H— k( 1 s) 2 

2 


or 

k — — 2 in./s 2 and v = 16-r 


Also 

d* , , 2 

— = v = 16-r 
dt 


At / = 1 s, jc = 20 in.: 

f dx=[ (16 -t 2 )dt 

J 20 J 1 


or 

r 1 3 T 

x-20- 16 1 — t 3 

L 3 J, 


or 

1 3 ^ 13 . 

x = — r + 16f h -(in.) 

3 3 


Then 



At t = l s : 

v 7 = 16 — (7) 2 

or v 7 = -33.0 in./s A 


1 , 13 

Xq —(7) 3 +16(7) + — 

or x 7 = 2.00 in. A 

When v = 0: 

16 - f 2 = 0 or t = 4 s 
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PROBLEM 11.11 


The acceleration of a particle is directly proportional to the square of the time t. When r = 0, the particle is 
at x — 24 m. Knowing that at t — 6 s, x — 96 m and v = 18 m/s, express x and v in terms of t. 


SOLUTION 



We have 

a = kt 2 k — constant 


Now 

dv , 2 
— - a- kt 
dt 


At f = 6 s, v = 18 m/s : 

f dv=\ kt 2 dt 

J 18 J 6 


or 

v-18 =—k(t 3 -216) 

3 


or 

v = 18 + ^k(t 3 - 216)(m/s) 


Also 

dr ] 

— = v = 18 +— A'(f 3 -216) 
dt 3 


At t — 0, x = 24 m: 

J dx = J 18 + — 216) dt 


or 

1/r \ 

x-24 = 18f + -Jfc —t 4 - 216? 

3 U J 


Now 



At r = 6s,x = 96m: 

96-24 = 18(6) + ^/: ^(6) 4 -216(6) 


or 

k = — m/s 4 

9 


Then 

1 / 1 v i \ 

x-24 = 18fn— — — t 4 — 216/ 

3\9 A4 J 


or 

x(t) — -f 4 + lOf + 24 

108 

◄ 

and 

V = 18 + 0] (f3_216) 


or 

v(0 = ^f 3 +10 

◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


16 





PROBLEM 11.12 


The acceleration of a particle is defined by the relation a-kt 2 . (a) Knowing that v = —8 m/s when t — 0 
and that v = +8 m/s when t- 2 s, determine the constant k. (b) Write the equations of motion, knowing also 
that x — 0 when t- 2 s. 
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PROBLEM 11.14 

The acceleration of Point A is defined by the relation a = -1.08 sin At - 1.44 cos kt, 
where a and t are expressed in m/s 2 and seconds, respectively, and k - 3 rad/s. 
Knowing that x = 0.16 m and v = 0.36 m/s when t — 0, determine the velocity and 
position of Point A when t — 0.5 s. 
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PROBLEM 11.15 

A piece of electronic equipment that is surrounded by 
packing material is dropped so that it hits the ground with a 
speed of 4 m/s. After contact the equipment experiences an 
acceleration of a - -kx, where k is a constant and x is the 
compression of the packing material. If the packing material 
experiences a maximum compression of 20 mm, determine 
the maximum acceleration of the equipment. 
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PROBLEM 11.16 

A projectile enters a resisting medium at x — 0 with an initial velocity 
Vo =900 ft/s and travels 4 in. before coming to rest. Assuming that the 
velocity of the projectile is defined by the relation v = v 0 — he, where v is 
expressed in ft/s and x is in feet, determine (a) the initial acceleration of 
the projectile, ( b ) the time required for the projectile to penetrate 3.9 in. 
into the resisting medium. 
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PROBLEM 11.17 


The acceleration of a particle is defined by the relation a = -k/x. It has been experimentally determined that 
v = 15 ft/s when * = 0.6 ft and that v = 9ft/s when * = 1.2 ft. Determine (a) the velocity of the particle 
when * = 1.5 ft, (b) the position of the particle at which its velocity is zero. 
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PROBLEM 11.18 

A 

A brass (nonmagnetic) block A and a steel magnet B are in equilibrium in a brass 
tube under the magnetic repelling force of another steel magnet C located at a 
B distance x = 0.004 m from B. The force is inversely proportional to the square of 

the distance between B and C. If block A is suddenly removed, the acceleration 

2 *2 

mu T of block B is a = —9.814- k/x , where a and x are expressed in m/s" and m, 

JJIIJ respectively, and k = 4x10 4 m 3 /s 2 . Determine the maximum velocity and 

acceleration of B. 

C I 


SOLUTION 

The maximum veolocity occurs when a- 0. 


0 = -9.81 + — 

x" 


_ 4x10 6 2 


9.81 9.81 

The acceleration is given as a function of x. 


= 40.775x10 m x,„ =0.0063855 m 


dv „ 0 - k 

v— -a- -9.81+ — 

dx x" 


Separate variables and integrate: 


vdv = -9.81dx + 


k dx 


| vdv = -9.81J dx + A'J 


1 


x dx 

. — 

■o X 

' 1 1 




v =—9.81(x — x 0 ) — k\ — 


~ v », = -9-81(x m -x 0 )-k 


x x, 

r 


o j 

l _ l 

V X m X 0 J 




= -9.81(0.0063855 - 0.004) - (4x10^) 


1 


1 


0.0063855 0.004 


2 / 2 


= -0.023402 + 0.037358 = 0.013956 nr/s 
Maximum velocity: v m — 0.1671 m/s 

The maximum acceleration occurs when x is smallest, that is, x = 0.004 m. 

4X10" 4 


= 167.1mm/s A 


ci ni — —9.81 + - 


(0.004) 2 


= 15.19 m/s 2 ◄ 
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PROBLEM 11.19 

Based on experimental observations, the acceleration of a particle is defined by the relation a = -(0.1 + sin x/b), 
where a and x are expressed in m/s 2 and meters, respectively. Knowing that b = 0.8 m and that v = I m/s 
when x = 0, determine (a) the velocity of the particle when x = -1 m, (b) the position where the velocity is 
maximum, (c) the maximum velocity. 
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PROBLEM 11.20 


x 

-- *0 -*■ 


A spring AB is attached to a support at A and to a collar. The 
unstretched length of the spring is l. Knowing that the collar is 
released from rest at x = x 0 and has an acceleration defined by the 

relation a — -100(x -lx/f 2 +x 2 ), determine the velocity of the 
collar as it passes through Point C. 
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PROBLEM 11.21 

The acceleration of a particle is defined by the relation a = —0.8v where a is expressed in m/s 2 and 
v' in m/s. Knowing that at t = 0 the velocity is 1 m/s, determine (a) the distance the particle will travel 
before coming to rest, ( b ) the time required for the particle’s velocity to be reduced by 50 percent of its 
initial value. 


SOLUTION 





(a) 

Determine relationship between x and v. 






vdv 

dx 

= -0.8v 

dv - -0.8 dx 



Separate and integrate with v = 

- 1 m/s when x = 0. 





< 

< 

II 

1 

p 

bo 

Vdx 

Jo 





v -l = -0.8x 




Distance traveled. 






For v = 0, 

-1 

Y — 

—s 


x - 1.25 m A 


A — 

-0.8 



(b) 

Determine realtionship between v and t. 






5^ 

II 

Sl I 

| t: 

II 

p 

bo 




I, 

V dv f* , 

— = - 1 0.8 dt 
v Jo 




In 

r V 2 ) 

- = -0.8/ 
vU 

t = 1.25 In - 



For v = 0.5(1 m/s) = 0.5 m/s, 

t — 1.25 In 

'-L] 

.0.5 J 


t - 0.866 s A 
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PROBLEM 11.22 


Starting from x = 0 with no initial velocity, a particle is given an acceleration a — 0.l\lv 2 +16, 
where a and v are expressed in ft/s 2 and ft/s, respectively. Determine ( a ) the position of the 
particle when v = 3ft/s, (b) the speed and acceleration of the particle when x = 4 ft. 


SOLUTION 

dx 

(1) 

Separate and integrate. 

r ,^-ro.ux 

Jo Vv 2 +16 Jo 



(v 2 +16) 1/2 T =0.1x 
lo 

(v 2 +16) 1/2 —4 = 0.lx 

x = 10[(v 2 +16) 1/2 - 4] 

(2) 

(a) v = 3 ft/s. 

x = 10[(3 2 +16) 1/2 - 4] 

x-10.00 ft ◄ 

( b ) x = 4 ft. 



From (2), 

(v 2 + 16) 1/2 = 4 + 0. lx = 4 + (0.1)(4) = 4.4 



v 2 +16 = 19.36 

v 2 -3.36ft 2 /s 2 

v = 1.833 ft/s ◄ 

From (1), 

a = 0.1(1.833 2 + 16) 1/2 

a = 0.440 ft/s 2 ◄ 
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PROBLEM 11.23 

A ball is dropped from a boat so that it strikes the surface of a lake 
with a speed of 16.5 ft/s. While in the water the ball experiences an 
acceleration of a = 10-0.8v, where a and v are expressed in ft/s 2 
and ft/s, respectively. Knowing the ball takes 3 s to reach the 
bottom of the lake, determine (a) the depth of the lake, (b) the speed 
of the ball when it hits the bottom of the lake. 


SOLUTION 


Separate and integrate: 


or 


With v 0 = 16.5 ft/s 


a- — - 10 -0.8v 
dt 


1 


V 

v 0 


dv 

10-0.8v 



——ln(10-0.8v) 
0.8 


|V 


ly 0 


= t 


In 


' 10-0.8v " 
,l°-0-8v 0y 


-0.8f 


10-0.8v = (10-0.8v 0 )e“ a8 ' 

0.8v = 10 — (10 — 0.8v’ 0 )e 0 8f 
v = 12.5- (12.5 -v 0 )e _a8f 

v = 12.5 + 4e~ 08 ' 
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PROBLEM 11.24 

The acceleration of a particle is defined by the relation a = -kjv, where k is a constant. Knowing that x = 0 
and v = 81m/sat? = 0 and that v = 36 m/s when x — 18 m, determine (a) the velocity of the particle when 
x = 20 m, (b) the time required for the particle to come to rest. 


SOLUTION 



(a) We have 

v— = a = -kyfv 
dx 


so that 

%/v dv = -kdx 


When x = 0, v = 81 m/s: 

[ \fv dv= [ —kdx 

J 81 Jo 


or 

|[v 3/2 ]8, =-kx 


or 

—[v 3/2 - 729] = —kx 

3 


When x = 18 m, v — 36 m/s: 

|(36 3/2 -729) = -A’(18) 


or 

k = lWm/s 2 


Finally 



When x = 20m: 

^-(v 3/2 - 729) = -19(20) 


or 

v 3/2 = 159 

v = 29.3 m/s 4 

(b) We have 

— = a = -I9yfv 
dt 


At t — 0, v = 81 m/s: 

V *=['-19* 

Jbi^/v Jo 


or 

2^! =-19 1 


or 

2(>/v — 9) = —19 1 


When v = 0: 

2(— 9) = —19 1 


or 


/ = 0.947 s ◄ 
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PROBLEM 11.25 

A particle is projected to the right from the position x — 0 with an initial velocity of 9 m/s. If the acceleration 
of the particle is defined by the relation a - -0.6v 3/2 , where a and v are expressed in m/s 2 and m/s, 
respectively, determine (a) the distance the particle will have traveled when its velocity is 4 m/s, (b) the time 
when v = 1 m/s, (c) the time required for the particle to travel 6 m. 
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PROBLEM 11.26 

The acceleration of a particle is defined by the relation a = 0.4(1 - kv), where k is a constant. Knowing that 
at t - 0 the particle starts from rest at x — 4 m and that when t = 15 s, v = 4 m/s, determine (a) the constant k, 
( b ) the position of the particle when v = 6 m/s, (c) the maximum velocity of the particle. 
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PROBLEM 11.26 (Continued) 


(c) The maximum velocity occurs when a — 0. 


or 


« = 0: 0.4(1- £v max ) = 0 

1 

V ’ max ~~ 0.145 703 


or 


An alternative solution is to begin with Eq. (1). 

ln(l — kv) = -OAkt 


Then 

Thus, v max is attained as t —► oo 


1 /j » — 0.4 kt \ 

v = — (1 -k ) 
k 


v 

max 


l 

k 


Vax= 6 -86 m/s ◄ 


as above. 
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PROBLEM 11.27 



Experimental data indicate that in a region downstream of a given louvered 
supply vent the velocity of the emitted air is defined by v = 0.18v 0 /x, 
where v and x are expressed in m/s and meters, respectively, and v 0 is the 
initial discharge velocity of the air. For v 0 = 3.6 m/s, determine (a) the 
acceleration of the air at x — 2 m, (b) the time required for the air to flow 
from x = 1 to x - 3 m. 
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PROBLEM 11.28 

f 

m 

Based on observations, the speed of a jogger can be approximated by the 
relation v = 7.5(1 - 0.04x)° 3 , where v and x are expressed in mi/h and miles, 
respectively. Knowing that x = 0 at t- 0, determine (a) the distance the 

_ 4 _ 

jogger has run when t = 1 h, (b) the jogger’s acceleration in ft/s 2 at t = 0, 

(c) the time required for the jogger to run 6 mi. 


SOLUTION 




(a) 

We have 

dx 

dt 

v = 7.5(1 -0.04x) 03 



> 

ii 

o 

w 

ii 

o 


r* dx r' , , 

= 7.5 dt 

] o (l-0.04x)°- 3 J o 



or 

1 f 1 1 

0.7 y 0.04 J 

1 

o 

b 

o 

O 

o X 

II 

-o 

L/i 



or 

1 

1 

o 

b 

4^ 

o 

O 

II 

O 

to 

(1) 


or 

x — 1 [1 

0.04 

(1 — 0.21r) I/0 7 ] 



At t — 1h : 

x = —-—{1- 
0.04 

[1 — O.21(l)] 1/0 7 } 



or 



x = 7.15 mi M 

(b) 

We have 

dv 

a = v — 
dx 





= 7.5(1 - 0.04x)°' 3 —[7.5(1 - 0.04x)°' 3 ] 
dx 




= 7.5 2 (1 - 0.04x)°' 3 [(0.3)(-0.04)(1 - 0.04x)^ OJ ] 




= -0.675(1 

-0.04x-r°' 4 



> 

ll 

p 

* 

ll 

o 

. „ 2 5280 ft f lh f 

a n = -0.675 mi/h x-x - 

1 mi y 3600 s J 



or 



a 0 = -275 x 10 -6 ft/s 2 ◄ 

(c) 

From Eq. (1) 

tp 

O 

'h 

O 

b 

1 

T 

b 

II 



When x = 6 mi: 

t= 1 [1 [1 0.04(6)]° 7 } 

0.21 




= 0.83229 h 



or 



t = 49.9 min ◄ 
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p 


PROBLEM 11.30 


The acceleration due to gravity of a particle falling toward the earth is a - -gR 2 /r 2 , where r 
is the distance from the center of the earth to the particle, R is the radius of the earth, and g 


is the acceleration due to gravity at the surface of the earth. If R = 3960 mi, calculate the 
escape velocity, that is, the minimum velocity with which a particle must be projected 
vertically upward from the surface of the earth if it is not to return to the earth. (Hint: v — 0 
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PROBLEM 11.31 

The velocity of a particle is v = v () [l — sin (ntlT)\. Knowing that the particle starts from the origin with an 
initial velocity v 0 , determine (a) its position and its acceleration at t - 3T, (b) its average velocity during the 
interval t — 0 to t-T. 
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PROBLEM 11.32 


The velocity of a slider is defined by the relation v = v'sin (OJ n t + (/)). Denoting the velocity and the position 
of the slider at t — 0 by v 0 and x 0 , respectively, and knowing that the maximum displacement of the slider 
is 2x 0 , show that (a) v' = (Vg + Xg6)^)/2x 0 (O n , ( b ) the maximum value of the velocity occurs when 
x = x 0 [3-(v 0 /x 0 ty„) 2 ]/2. 
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PROBLEM 11.33 

A stone is thrown vertically upward from a point on a bridge located 40 m above the water. Knowing that it 
strikes the water 4 s after release, determine (a) the speed with which the stone was thrown upward, (b) the 
speed with which the stone strikes the water. 


SOLUTION 


Uniformly accelerated motion. Origin at water. +j 


1 2 


y = y 0 +v 0 t + - a t 


v = v 0 + at 


2 

where y 0 = 40 m and a = -9.81 m/s". 


(a) Initial speed. 


y = 0 when t = 4 s. 


0 = 40 + v 0 (4)-i(9.81)(4) 2 


v 0 = 9.62 m/s 

v 0 = 9.62 m/s f 4 

(b) Speed when striking the water, (v at / = 4 s) 


v = 9.62- (9.81)(4) = -29.62 m/s 

v = 29.6 m/s J 4 
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54 kin/li 



PROBLEM 11.34 

A motorist is traveling at 54 km/h when she observes 
that a traffic light 240 m ahead of her turns red. The 
traffic light is timed to stay red for 24 s. If the motorist 
wishes to pass the light without stopping just as it 
turns green again, determine (a) the required uniform 
deceleration of the car, ( b ) the speed of the car as it 
passes the light. 


SOLUTION 



Uniformly accelerated motion: 

x 0 =0 v 0 =54 km/h = 15 m/s 


, . 1 2 

(a) x— x 0 + v 0 t + — at 



when / = 24 s, x = 240m: 

240 m = 0 + (15 m/s)(24 s) + ^m(24 s) 2 



a - -0.4167 m/s 2 

a - -0.417 m/s 2 A 

+ 

II 

> 

S' 



when t = 24s: 

v = (15 m/s) + (-0.4167 m/s)(24 s) 

v = 5.00 m/s 

v = 18.00 km/h 

v- 18.00 km/h A 
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L' 0 = 30 ml/li 



PROBLEM 11.35 

A motorist enters a freeway at 30 mi/h and accelerates uniformly 
to 60 mi/h. From the odometer in the car, the motorist knows 
that she traveled 550 ft while accelerating. Determine ( a ) the 
acceleration of the car, ( b ) the time required to reach 60 mi/h. 


SOLUTION 



(a) Acceleration of the car. 

i 

^3 

(N 

+ 

Cd 

II 

Cd 

> 



2 2 
a= Vl V ° 

2(x\ ~ %) 


Data: 

v 0 = 30 mi/h = 44 ft/s 
v, = 60 mi/h = 88 ft/s 

x 0 = 0 
x x = 550 ft 



_ (88) 2 - (44) 2 
(2)(55-0) 

a = 5.28 ft/s 2 ◄ 

(b ) Time to reach 60 mi/h. 

v l =v 0 +a(t l -t 0 ) 



t r - Vl_V ° 
a 



_ 88-44 

5.28 



= 8.333 s 

t x -t 0 = 8.33 s A 
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PROBLEM 11.36 

A group of students launches a model rocket in the vertical direction. Based on tracking 
data, they determine that the altitude of the rocket was 89.6 ft at the end of the powered 
portion of the flight and that the rocket landed 16 s later. Knowing that the descent 
parachute failed to deploy so that the rocket fell freely to the ground after reaching its 
maximum altitude and assuming that g = 32.2 ft/s 2 , determine (a) the speed v, of the 
rocket at the end of powered flight, ( b ) the maximum altitude reached by the rocket. 
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PROBLEM 11.37 

A small package is released from rest at A and 
moves along the skate wheel conveyor ABCD. 
The package has a uniform acceleration of 
4.8 m/s 2 as it moves down sections AB and CD, 
and its velocity is constant between B and C. If 
the velocity of the package at D is 7.2 m/s, 
determine (a) the distance d between C and D, 
( b ) the time required for the package to reach D. 


SOLUTION 



(a) 

For A —► B and C 

— - D we have 




v 2 = Vq +2 a(x — x 0 ) 



Then, at B 

vie =0 + 2(4.8 m/s 2 )(3-0) m 




= 28.8m 2 /s 2 (v BC - 5.3666 m/s) 



and at D 

v d ~ v bc + ^ u cd ( x d ~ x c ) d — x D — x c 



or 

(7.2 m/s) 2 = (28.8 m 2 /s 2 ) + 2(4.8 m/s 2 )d 



or 

d = 2.40 m 

◄ 

(b) 

For A —► B and C 

— ► D we have 




+ 

O 

> 

II 



Then A —► B 

5.3666 m/s = 0 + (4.8 m/s 2 )t AB 



or 

t a B =1.118 04 s 



and C —- D 

7.2 m/s = 5.3666 m/s + (4.8 m/s 2 )t CD 



or 

t cd = 0.38196 s 



Now, for B —► C, we have x c = x B + v BC t BC 



or 

3 m = (5.3666 m/s)r BC 



or 

t BC = 0.55901 s 



Finally, 

t q — t a B + t B e + tcD — (1-11804 + 0.55901 + 0.38196) s 



or 

t D = 2.06 s 

◄ 
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PROBLEM 11.38 

A sprinter in a 100-m race accelerates uniformly for the first 35 m and then runs 
with constant velocity. If the sprinter’s time for the first 35 m is 5.4 s, determine 
(a) his acceleration, (b) his final velocity, (c) his time for the race. 
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PROBLEM 11.39 

As relay runner A enters the 20-m-long exchange zone with a 
speed of 12.9 m/s, he begins to slow down. He hands the baton to 
runner B 1.82 s later as they leave the exchange zone with the 
same velocity. Determine (a) the uniform acceleration of each of 
the runners, (b) when runner B should begin to run. 


SOLUTION 



(a) 

For runner A: 

*4 = 0+ (F4V + ^-«/ 



C/3 

<N 

oo 

II 

< 

20 m = (12.9 m/s)(1.82 s) + ^u A (1.82 s) 2 



or 

a A = -2.10 m/s 2 

◄ 


Also 

Di =(V o+a A t 



At t = 1.82 s: 

(v A ) 182 =(12.9 m/s)+ (-2.10 m/s 2 )(1.82s) 

= 9.078 m/s 



For runner B : 

Vg = 0+2 a B [x B -0] 



When 

x B = 20 m, v B = v A : (9.078 m/s) 2 = 2 a B (20 m) 



or 

a B = 2.0603 m/s 2 




a B = 2.06 m/s 2 

◄ 

(b) 

For runner B: 

v B =0 +a B (t-t B ) 



where t B is the time at which he begins to run. 



C/3 

<N 

OO 

II 

< 

9.078 m/s = (2.0603 m/s 2 )(1.82-r fi )s 



or 

t B = -2.59 s 




Runner B should start to run 2.59 s before A reaches the exchange zone. 

◄ 
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SOLUTION 




(a) 

We have 

V A=( V A )o +a A t 





(v x ) 0 =180 km/h = 50 m/s 




At t- 8 s: 

v A = 225 km/h =62.5 m/s 




Then 

62.5 m/s = 50 m/s + a A ( 8 s) 




or 


a A =1.563 m/s 2 

◄ 

(b) 

We have 





£ 

ll 

£ 

o 

+ (v A ) 0 1 + i a A t 2 = 50 m + (50 m/s)(8 s) + ^-(1 .5625 m/s 2 )(8 s) 2 = 500 m 




and 

1 2 

x B -0+ (v B ) 0 t +—a B t (v g ) 0 =50m/s 




At t- 8s: 

*4 = X B 





500 m = (50 m/s)(8 s) + —c/ fi (8 s) 2 

2 




or 


a B = 3.13 m/s 2 

◄ 
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PROBLEM 11.41 

A police officer in a patrol car parked in a 45 mi/h speed zone observes a passing automobile traveling at a 
slow, constant speed. Believing that the driver of the automobile might be intoxicated, the officer starts his 
car, accelerates uniformly to 60 mi/h in 8 s, and, maintaining a constant velocity of 60 mi/h, overtakes the 
motorist 42 s after the automobile passed him. Knowing that 18 s elapsed before the officer began pursuing 
the motorist, determine ( a ) the distance the officer traveled before overtaking the motorist, (b) the motorist’s 
speed. 
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PROBLEM 11.42 

Automobiles A and B are traveling in adjacent highway lanes 
and at t — 0 have the positions and speeds shown. Knowing 
that automobile A has a constant acceleration of 1.8 ft/s 2 and 
that B has a constant deceleration of 1.2 ft/s 2 , determine 
(a) when and where A will overtake B, ( b ) the speed of each 
automobile at that time. 


SOLUTION 






a A =+1.8 ft/s 2 a B = — 1.2 ft/s ’ 

(v A ) 0 = 24 mi/h = 35.2 ft/s 

(v B ) 0 - 36 mi/h - 52.8 ft/s A overtakes B 

t'-t, / 

¥- » O ____^ - A 



^2 .-4 

> 

i — ^ 

■ ^— 



0 j 

* 




A 






** 



Motion of auto A: 


v A = (v A ) 0 +a A t = 35.2 + 1.8/ 


(i) 



1 , 1 9 

= ( x A)o+( v A)o f + - fl A r =0 + 35.2/ + -(1.8)/ 

(2) 

Motion of auto B: 


v B = (v B ) 0 + a B t = 52.8-1.2/ 


(3) 



1 9 1 9 

Xp = (xp ) 0 + ( Vp ) Q t + —cipt = 75 + 52. St + — (— 1.2 )t 

(4) 

(a) A overtakes B at 

f = t\. 






x A - x B : 35.2/ + 0.9/ 2 = 75 + 52.8/j 

1.5/ 2 -17.6/j -75 = 0 

/j = -3.22 s and t x = 15.0546 

CS 

d 

1 

/, =15.05 s A 

Eq. (2): 


=35.2(15.05) + 0.9(15.05) 2 


x A = 734 ft ◄ 
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PROBLEM 11.42 (Continued) 


( b) Velocities when 

h = 15.05 s 


Eq. (1): 

v A =35.2 + 1.8(15.05) 



v A = 62.29 ft/s 

v A - 42.5 mi/h —*• A 

Eq. (3): 

v B =52.8-1.2(15.05) 



v B = 34.74 ft/s 

v B - 23.7 mi/h —► A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


53 




PROBLEM 11.43 

Two automobiles A and B are approaching each other in adjacent highway lanes. At t — 0, A and B are 3200 ft 
apart, their speeds are v A = 65 mi/h and v B = 40 mi/h, and they are at Points P and Q, respectively. Knowing 
that A passes Point Q 40 s after B was there and that B passes Point P 42 s after A was there, determine (a) the 
uniform accelerations of A and B, (b) when the vehicles pass each other, (c) the speed of B at that time. 


v A = 65 mi/h = -to mi/h 

-► - 



3200 ft 


SOLUTION 




(a) 

We have 

1 9 

x A = 0 + {v A ) Q t + —a A t~ (v A ) 0 = 65 mi/h = 95.33 ft/s 



(. x is positive — origin at P.) 




At t- 40 s: 

3200 m = (95.333 m/s)(40 s) + i ci A (40 s) 2 a 

A = -0.767 ft/s 2 

◄ 


1 ? 

Also, x B =0 + (v B ) 0 t + —a B t (v B ) 0 = 40 mi/h = 58.667 ft/s 




(x B is positive 

*• — ; origin at Q.) 




C0 

<N 

II 

< 

3200 ft =(58.667 ft/s)(42 s) + ^o B (42 s) 2 




or 

a B =0.83447 ft/s 2 

a B =0.834 ft/s 2 

◄ 

(b) 

When the cars 

pass each other x A + x H = 3200 ft 




Then (95.333 it/s)t AB +^(-0.76667 ft/s)t“ B + (58.667 it/s)t AB + i(0.83447 it/s 2 )t 2 AB 

= 3200 ft 



or 

0.03390 r AB + 154 t AB - 3200 = 0 




Solving 

t = 20.685 s and t = -4563 s t> 0 => 

t AB — 20.7 s 

◄ 

(c) 

We have 

V B ~ ( V fi)0 + Cl B t 




At t — t AB : 

v B = 58.667 ft/s + (0.83447 ft/s 2 )(20.685 s) 





= 75.927 ft/s 

v B =51.8 mi/h 4 
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PROBLEM 11.44 

An elevator is moving upward at a constant speed of 4 m/s. A man standing 10 m 
above the top of the elevator throws a ball upward with a speed of 3 m/s. Determine 
(a) when the ball will hit the elevator, (b) where the ball will hit the elevator with 
respect to the location of the man. 


SOLUTION 

Place the origin of the position coordinate at the level of the standing man, the positive direction being up. 

The ball undergoes uniformly accelerated motion. 

1 2 

y B =(3 ? b)o + 0'b)o ? --^ 

with ( y B ) 0 = 0, (vg) 0 = 3 m/s, and g = 9.81 m/s 2 . 

y B =3f-4.905f 2 

The elevator undergoes uniform motion. 

yE ~ (Xe)o + V E* 

with ( y E ) 0 = -10 m and v E — 4 m/s. 

(a) Time of impact. Set y B = y E 

3t-4.905r =-10 + 4/ 

4.905i 2 + f-10 = 0 

t = 1.3295 and -1.5334 t = 1.330 s ◄ 

( b ) Location of impact. 

y B = (3)(1.3295) - (4.905)(1.3295) 2 = -4.68 m 
y E =-10 + (4)(1.3295) = —4.68 m (checks) 

4.68 m below the man M 
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A ! ! B 300 in 



PROBLEM 11.45 

Two rockets are launched at a fireworks display. Rocket A is launched with an 
initial velocity v 0 = 100 m/s and rocket B is launched t\ seconds later with the 
same initial velocity. The two rockets are timed to explode simultaneously at a 
height of 300 m as A is falling and B is rising. Assuming a constant acceleration 
g — 9.81 m/s 2 , determine (a) the time tu (b) the velocity of B relative to A at the 
time of the explosion. 


SOLUTION 

Place origin at ground level. The motion of rockets A and B is 


Rocket A: 

OO 

Os 

1 

o 

o 

II 

'So 

1 

o 

II 

(1) 


y A =(.vA + ( v aV-7^ 2 = 100/-4.905/ 2 

(2) 

Rocket B: 

v B =(v B ) 0 -g(t-t 1 ) = lOO-9M(t-t 1 ) 

(3) 


y B = (y B )o + 0 B )o 

= 100(/ - h) - 4.905(f - h ) 2 

(4) 

Time of explosion of rockets A and B. 

y a = y B = 300 ft 


From (2), 

<N 

hn 

o 

O) 

1 

o 

o 

II 

o 

o 

m 


From (4), 

4.905r-100/+ 300-0 

/-16.732 s and 3.655 s 

300 -100(/-/,)-4.905(/ - / 2 ) 


Since rocket A is falling, 

/-/j-16.732 s and 3.655 s 

/-16.732 s 


Since rocket B is rising, 

/ - /, = 3.655 s 


(i a ) Time /p 

/, =/ — (/ — /,) 

/, - 13.08 s ◄ 

( b ) Relative velocity at explosion. 

From (1), 

v A -100 -(9.81)(16.732) --64.15 m/s 


From (3), 

v B - 100 - (9.81)(16.732 -13.08) - 64.15 m/s 


Relative velocity: 

V BIA =V B ~ V A 

v B/A = 128.3 m/s| A 
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PROBLEM 11.46 

Car A is parked along the northbound lane of a highway, and car B is traveling in the southbound lane at a 
constant speed of 60 mi/h. At t = 0, A starts and accelerates at a constant rate a A , while at t - 5 s, B begins to 
slow down with a constant deceleration of magnitude a A l6. Knowing that when the cars pass each other 
x — 294 ft and v A = v B , determine (a) the acceleration a A , (b) when the vehicles pass each other, (c) the 
distance d between the vehicles at t - 0. 



SOLUTION 

<£....7? 

For t > 0: 

v A = 0 + a A t 


1 9 

x A =0 + 0 + —a A t~ 

0<t<5 s: 

x B =0 + (v B ) 0 t (v B ) 0 - 60 mi/h = 88 ft/s 

At t- 5s: 

x B = (88 ft/s)(5 s) = 440 ft 

For r> 5s: 

=(v B ) 0 +a B (t-5) a B =~a A 

6 

1 

X B = ( X B^S ( V B )o (^ — 5) + — (f — 5) 

Assume t> 5 s when the cars pass each other. 

At that time (t AB ), 


v A =v B : 

a A t AB = (88 ft/s) — ~~(t AB ~ 5) 

6 

x A =294 ft: 

294 ft = —a A t AB 

Then 

a A(\tAB-j) _ 88 

\ a /d A b 294 

or 

44r AB - 343f AB + 245 = 0 
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Solving 

PROBLEM 11.46 (Continued) 

t ab = 0.795 s and t AB = 7.00 s 


(a) With t AB > 5 s, 

294ft = ia A (7.00 s) 2 


or 


a A = 12.00 ft/s 2 ◄ 

( b ) From above 


t AB = 7.00 s -4 

Note: An acceptable solution cannot be found if it is assumed that t AB < 5 s. 


(c) We have 

d = x + (x B ), AR 


or 

= 294 ft + 440 ft + (88 ft/s)(2.00 s) 

+ i[-^xl2-00 ft/s2 ]( 2 - 00 s ) 2 

d = 906 ft ◄ 
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PROBLEM 11.47 

The elevator shown in the figure moves downward with a constant velocity 
of 4 m/s. Determine (a) the velocity of the cable C, ( b ) the velocity of the 
counterweight W, ( c ) the relative velocity of the cable C with respect to the 
elevator, (d) the relative velocity of the counterweight W with respect to 
the elevator. 



SOLUTION 

Choose the positive direction downward. 
(a) Velocity of cable C. 


y c + 2 y E — constant 


v c + 2v e = 0 


But, 


or 


v E = 4 m/s 


v c = -2v e = -8 m/s 



(b) Velocity of counterweight W. 

y vv + y E - constant 

v w C, — 0 v w — — 4 m/s 

(c) Relative velocity of C with respect to E. 

v C /e =v c -v E = (-8 m/s)-(+4 m/s) = -12 m/s 

(d) Relative velocity of W with respect to E. 

v w/e = % _ v e = (“4 “ (4 m/s) = -8 m/s 


v c = 8.00 m/s * 4 


\ w = 4.00 m/s | ◄ 


\ CIE = 12.00 m/s | A 


\ W /e =8.00 m/s | ◄ 
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PROBLEM 11.48 

The elevator shown starts from rest and moves upward with a constant 
acceleration. If the counterweight W moves through 30 ft in 5 s, determine 
( a ) the acceleration of the elevator and the cable C, (b) the velocity of the 
elevator after 5 s. 


SOLUTION 


We choose positive direction downward for motion of counterweight. 

_ 1 2 
Sw — 

At t- 5 s, y w = 30 ft 

30 ft =i % (5s) 2 



a w = 2.4 ft/s 2 

(a) Accelerations of E and C. 

Since y w + y E = constant v w + v E - 0, and a w + a E = 0 

Thus: a E = —a w = -(2.4 ft/s 2 ), 

Also, y c + 2 y E — constant, v c +2v £ =0, and a c +2a E =0 

Thus: a c = -2 a E = —2(—2.4 ft/s 2 ) = +4.8 ft/s 2 , 

( b ) Velocity of elevator after 5 s. 

v E = (v £ ) 0 +a E t = 0 + (-2.4 ft/s 2 )(5 s) = -12 ft/s 


a w = 2.4 ft/s 2 1 

a E = 2.40 ft/s 2 1 ◄ 

a c =4.80 ft/s 2 ◄ 
(v £ ) 5 =12.00 ft/s t ◄ 
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PROBLEM 11.50 



(c_ 

Block B starts from rest and moves downward with a constant 

A 



acceleration. Knowing that after slider block A has moved 9 in. its 

_ J _ M 


velocity is 6 ft/s, determine (a) the accelerations of A and B, (b) the 
velocity and the change in position of B after 2 s. 


cl 

< 

[d 



—i 



B 






SOLUTION 


r— Xa ' 




’Wei- 


'll) 


•II 



<Jb 


From the diagram, we have 

x A + 3y B = constant 


Then 

v a +3v b =0 

(1) 

and 

a A + 3 a B = 0 

(2) 

(a) 

Eq. (2): a A + 3 a B = 0 and a B is constant and 
positive => a A is constant and negative 



Also, Eq. (1) and (v H ) 0 = 0 => (v A ) 0 = 0 



Then v 2 A = 0 + 2 a A [x A ~(x A ) 0 ] 

When \Ax a \ = 0.4 m: (6 ft/s) 2 = 2a A (9/12 ft) 

or a A =24.0 ft/s 2 —◄ 

Then, substituting into Eq. (2): 

-24 ft/s 2 +3 a B =0 

or a B = y ft/s 2 a B = 8.00 ft/s 2 1 ◄ 
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PROBLEM 11.50 (Continued) 


( b ) We have 

= 0+ a B t 


CO 

<N 

II 

< 

(24 2^1 

v B = — ft/s” (2 s) 

V 3 J 


or 


v B — 16.00 ft/s ◄ 

Also 

1 

yB=(.VB)o+ 0 +-«B r 


At t — 2s: 

>,-(^=0^ (2 s) 2 


or 


yB-(yB)o = 16 - ooft ^ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


63 




PROBLEM 11.51 


Slider block B moves to the right with a constant 
• velocity of 300 mm/s. Determine (a) the velocity 

7) O of slider block A, (b) the velocity of portion C of 

the cable, (c) the velocity of portion D of the 
cable, ( d) the relative velocity of portion C of the 
cable with respect to slider block A. 
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PROBLEM 11.51 (Continued) 


(c) 

From the diagram 

(x c ~x A ) + ( x D - x A ) = constant 



Then 

v c ~ 2v a + v d =° 



Substituting 

600 mm/s - 2(200 mm/s) + v D = 0 



or 


\ D = 200 mm/s -— -4 

(d) 

We have 

v C /a = v c ~v A 

= 600 mm/s - 200 mm/s 



or 


\ aA = 400 mm/s —► 4 
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PROBLEM 11.52 

At the instant shown, slider block B is moving 
with a constant acceleration, and its speed is 
150 mm/s. Knowing that after slider block A 
has moved 240 mm to the right its velocity is 
60 mm/s, determine (a) the accelerations of A 
and B, ( b ) the acceleration of portion D of the 
cable, (c) the velocity and change in position of 
slider block B after 4 s. 


SOLUTION 

h- - + 

- x *-H 

- Xc- -) 

- X,, --- 

1 - X A -| 

( -_ ic~ > H 


From the diagram 

1 P i 

x B + (x B - x A ) - 2x a = constant 


Then 

2v b -3v a =0 

(1) 

and 

2 a B - 3 a A = 0 

(2) 

(a) First observe that if block A moves to the right, v A —> and Eq. (1) => \ B — > 

Then, using 

Eq. (1) at t — 0 

2(150 mm/s) - 3(v A ) 0 = 0 


or 

(v A ) 0 = 100 mm/s 


Also, Eq. (2) and 

a B = constant => a A — constant 


Then 

P =(v A )o+2a A [x A -(x A ) 0 ] 


When x A — (x A ) 0 

= 240 mm: 



(60 mm/s) 2 = (100 mm/s) 2 +2a A (240 mm) 



40 2 


or 

a A = - mm/s 

A 3 


or 


a A = 13.33 mm/s 2 -*— A 
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PROBLEM 11.52 (Continued) 


Then, substituting into Eq. (2) 


2 a B -3 


•-nrni/s 2 

v 3 


= 0 


or 


a B = -20 mm/s 


a B = 20.0 mm/s" 


(b) From the diagram, —x D - x A = constant 


Then 

Substituting 

or 

(c) We have 
At t = 4 s: 
or 

Also 

At t = 4s: 

or 


V D + V A = 0 


a D +a A~ 0 


■— mm/s 2 

v 3 


= 0 


a D =13.33 mm/s' 


v B =(v B )o + a B t 

v B -150 mm/s + (-20.0 mm/s 2 )(4 s) 


1 2 

X B ~ )o + ( V B )o ? + ~ Cl B t 

x b ~ ( x b) o = (130 mm/s)(4 s) 

+ ^(-20.0 mm/s 2 )(4 s) 2 


v B - 70.0 mm/s 


Xn — (Xd)a — 440 mm 4 
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PROBLEM 11.53 


5 

Collar A starts from rest and moves upward with a constant acceleration. Knowing 
that after 8 s the relative velocity of collar B with respect to collar A is 24 in./s, 
determine (a) the accelerations of A and B, ( b ) the velocity and the change in position 
of B after 6 s. 


,P 
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PROBLEM 11.53 (Continued) 


C/3 

00 

II 

< 

24 in./s = ~^a A (S s) 


or 


a A = 2.00 in./s 2 1 A 

and then 

1 9 

a R = —(-2 in./s") 

B 2 


or 


a B — 1.000 in./s 2 1 A 

(b) At t = 6 s: 

v B = (1 in./s 2 )(6 s) 


or 


\ B = 6.00 in./s | A 

Now 

1 

y B = (y B '>o + 0+ - a B t 


(Z3 

II 

< 

y B - (.Vo =^(! in-/s 2 )(6 s) 2 


or 


y B -(y B )o = 18.00 in.| A 
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SOLUTION 




Let x B and x L be the positions, respectively, of pulley B and load L measured downward from a fixed elevation 
above both. Let x M be the position of a point on the cable about to enter the reel driven by the motor. Then, 
considering the lengths of the two cables, 

x M + 3x B = constant v M + 3v B = 0 
x L + (x L - x B ) = constant 2v L + v K = 0 

with v M =100 mm/s 

v B = —^- = -33.333 m/s 
B 3 

v, = — = -16.667 mm/s 
L 2 

( a ) Velocity of load L. v L = 16.67 mm/s 

( b ) Velocity of pulley B with respect to load L. v B/L = v B — v L - -33.333 - (-16.667) = -16.667 

\ B /l = 16.67 mm/s 
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PROBLEM 11.55 

Block C starts from rest at t — 0 and moves downward with a constant 
acceleration of 4 in./s 2 . Knowing that block B has a constant velocity of 3 in./s 
upward, determine (a) the time when the velocity of block A is zero, ( b ) the 
time when the velocity of block A is equal to the velocity of block D, (c) the 
change in position of block A after 5 s. 


SOLUTION 


"T Y 1 1 M ■ 

U iai l*) I3J 

y.v j ” v | r ^ yc 

I® ® I j y» 




From the diagram: 

Cord 1: 2y A + 2y B + y c = constant 

Then 2v A + 2v B + v c = 0 

and 2 a A + 2 a B + a c =0 (1) 

Cord 2: (y D - y A ) + (y D - y B ) = constant 

Then 2v D -v A - v B = 0 

and 2 a D - a A - a B = 0 (2) 


Use units of inches and seconds. 
Motion of block C: 

Motion of block B: 

Motion of block A: 


v c - v co + a c t 

= 0 + 4f where a c =-4in./s 2 
v B = -3 in./s; a B - 0 
From (1) and (2), 

U = ~ v b - = 3 --( 4 0 = 3 - 2 1 in./s 

1 1 2 

a A = ~a B ~~a c - 0- —(4) = -2 in./s 
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PROBLEM 11.56 

Block A starts from rest at t = 0 and moves downward with a constant 
acceleration of 6 in./s 2 . Knowing that block B moves up with a constant 
velocity of 3 in./s, determine (a) the time when the velocity of block C is zero, 
( b ) the corresponding position of block C. 

T 

B 





SOLUTION 


The cable lengths are constant. 

L x = 2 y c + 2 y D + constant 

L 2 = y A +yB + (y B - y D ) + constant 

Eliminate y D . 

L x + 2 L 2 = 2 y c + 2 y D + 2y A + 2 y B + 2(y B — y D ) + constant 
2 (_y c + y A +2y B )- constant 


(ill)lc I 







, 'h 





D \ 1 ( 

\ 



Mr 




S' C 

1 f 


c.a.ii-2 


Differentiate to obtain relationships for velocities and accelerations, positive downward. 

V C + V A+ 2v B = 0 

a c + a A + 2 a B = 0 

Use units of inches and seconds. 

Motion of block A: v A — a A t + 6 1 


Motion of block B: 


Motion of block C: 


A^=|a A f 2 =i(6)i 2 =3f 2 
\ B = 3 in./s | v B - -3 in./s 

A y B = v B f = ~ 3t 
From (1), 

v c = — v A - 2v b = -6 1 - 2(-3) = 6-6 1 
Ay c = [ v c dt - 61 - 3 1 2 


(a) Time when vc is zero. 6 - 6t — 0 

( b ) Corresponding position. 

Ay c = (6)(1) - (3)(1) 2 = 3 in. 


(1) 

(2) 


t = 1.000 s ◄ 
Ay c = 3.00 in. A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


73 





0; ,(•),(tej) t0 


B 



PROBLEM 11.57 

Block B starts from rest, block A moves with a constant 
acceleration, and slider block C moves to the right with a 
constant acceleration of 75 mm/s 2 . Knowing that at t = 2 s the 
velocities of B and C are 480 mm/s downward and 280 mm/s to 
the right, respectively, determine (a) the accelerations of A and B, 
( b ) the initial velocities of A and C, (c) the change in position of 
slider block C after 3 s. 


SOLUTION 


From the diagram 

Then 

and 

Given: 


-'c- 




^ 1 


3 


+ 


IsJ W 

v! 


y, 




b 

1 


1 (•) 

_ a n n 


V_ 


_J lJ 


3y A + 4 y B + x c — constant 
3v A +4v B +v c =0 
3a A + 4a B +a c = 0 

(Vfl) = 0, 


a A = constent 
(a c ) = 75 mm/s 2 —- 

Atr = 2s, v B = 480 mm/s t 

v c = 280 mm/s —► 

(a) Eq. (2) and a A - constant and a c - constant a B - constant 
Then v B =0 + a B t 

Atr = 2s: 480 mm/s = a B (2 s) 

a B - 240 mm/s 2 

Substituting into Eq. (2) 

3n A +4(240 mm/s 2 ) + (75 mm/s 2 ) = 0 

a A - -345 mm/s 


or 


or 


(1) 

(2) 


a B - 240 mm/s 2 J -4 


a A = 345 mm/s’ 4 
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PROBLEM 11.57 (Continued) 



(b) 

We have 

V C = ( V c )o + a c t 




At t — 2s: 

280 mm/s = (v c ) 0 + (75 mm/s)(2 s) 





v c = 130 mm/s or 

(v c ) 0 = 130.0 mm/s—► 

◄ 


Then, substituting into Eq. (1) at t = 0 





3(v a ) 0 + 4(0) + (130 mm/s) = 0 





v A = -43.3 mm/s or 

tb* 

o 

II 

-1^ 

◄ 

(c) 

We have 

1 2 

x c - ( x c ) 0 + (v c ) 0 1 + — a c t 




At t — 3s: 

x c - ( x c ) 0 = (130 mm/s)(3 s) + ^-(75 mm/s 2 )(3 s) 2 




= 728 mm or 

x c - (x c ) 0 = 728 mm —► 

◄ 
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PROBLEM 11.58 


c 

Block B moves downward with a constant velocity of 20 nun/s. 
At t — 0, block A is moving upward with a constant acceleration, 
and its velocity is 30 mm/s. Knowing that at t - 3 s slider block C 
has moved 57 mm to the right, determine (a) the velocity of slider 
block C at t = 0, (b) the accelerations of A and C, (c) the change in 
position of block A after 5 s. 
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PROBLEM 11.58 (Continued) 

Then, substituting into Eq. (2) 


3 a A + 4(0) + (6 mm/s 2 ) = 0 


a A =-2mm/s 2 or a A = 2.00 mm/s 2 j ^ 

(c) We have 

1 2 

=(.yA)o+0 ; AV + -<V 

At t = 5s: 

;yA “(>’a)o = (- 30 mm/s)(5 s) + ^(-2 mm/s 2 )(5 s) 2 


= -175 mm 

or 

yA-(yA)o = 175 - 0mm ‘ ^ 
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PROBLEM 11.59 

The system shown starts from rest, and each component moves with a constant 
acceleration. If the relative acceleration of block C with respect to collar B is 
60 mm/s 2 upward and the relative acceleration of block D with respect to block A 
is 110 mm/s 2 downward, determine (a) the velocity of block C after 3 s, ( b ) the 
change in position of block D after 5 s. 


SOLUTION 


'b 



From the diagram 

Cable 1: 1y A +2y B +y c = constant 


Then lv A + lv B + v c = 0 (1) 

and 2 a A + 2 a B + a c — 0 (2) 

Cable 2: ( y D - y A ) + ( y D - y B ) = constant 

Then -v A - v B + 2v D = 0 (3) 

and — a A — a B + 2 a D = 0 (4) 


Given: At t — 0, v = 0; all accelerations constant; 
a c/B ~ 60 mm/s 2 j, a DIA =110 mm/s 2 1 

(a) We have a CIB = a c — a B = -60 or a B - a c + 60 

and a D/A -a D -a A -110 or a A =a D -110 

Substituting into Eqs. (2) and (4) 

Eq. (2): 2(a D -110) + 2(a c +60) + a c =0 

or 3fl c +2a D =100 (5) 

Eq. (4): -(a D -110)-(a c + 60) + 2a D =0 

or —a c + a D - -50 (6) 
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PROBLEM 11.59 (Continued) 


Solving Eqs. (5) and (6) for 

a c and a D 



a c = 40 mm/s 2 



a D = -10 mm/s 2 


Now 

v c = 0 + a c t 


At t- 3s: 

v c = (40 mm/s 2 )(3 s) 


or 


v c =120.0 mm/s, A 

( b ) We have 

1 , 

y D =(j D )o + ( 0 ) f +^«D r 


At t = 5s: 

Sd ~ (Jd)q = ~(—10 mm/s 2 )(5 s) 2 


or 


y D -(y D )o =125.0 mm‘ ◄ 
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PROBLEM 11.60* 

The system shown starts from rest, and the length of the upper cord is adjusted so 
that A, B, and C are initially at the same level. Each component moves with a 
constant acceleration, and after 2 s the relative change in position of block C with 
respect to block A is 280 mm upward. Knowing that when the relative velocity of 
collar B with respect to block A is 80 mm/s downward, the displacements of A 
and B are 160 mm downward and 320 mm downward, respectively, determine 
(a) the accelerations of A and B if a B > 10 mm/s 2 , (b) the change in position of 
block D when the velocity of block C is 600 mm/s upward. 


SOLUTION 



From the diagram 

Cable 1: 2y A +2y B + y c - constant 

Then 

2 v a + 2v b + v c = 0 

and 

2 a A + 2 a B + a c — 0 

Cable 2: (y D 

“ Ta) + (y D ~ y B ) = constant 

Then 

_V A ~ V S ~ 2v D ~ 0 

and 

—a A ~ci B + 2 a D = 0 

Given: At 

t = 0 


v = 0 

Ta)o = Tfi) 0 = Tclo 


All accelerations constant. 
At t — 2 s 


y CIA = 280 mm j 

When v b/ a = 80 mm/s | 

^-( 3 ^) 0 = 160 111111 1 
y B -(y B )o = 320 mm, 

a B > 10 mm/s 2 


( 1 ) 

(2) 

(3) 

(4) 
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(a) We have 

PROBLEM 11.60* (Continued) 

=Ou)o + (°)f + -flU* 2 


and 

Jc = (^c^o + (0)t +—a c t 


Then 

y C /A = y C ~ y A = 2 ( flc " a A ) f2 


At t = 2s, y CIA = 

-280 mm: 


~ 

1 9 

-280 mm = — (a c - a A )(l s)" 


or 

II 

1 

£ 

o 

(5) 

Substituting into Eq. (2) 


or 

2 a A + 2 a B + (a A - 140) = 0 

a A =^(140-2a B ) 

(6) 

Now 

v B — 0 + a B t 


Also 

v A = 0 + a A t 

V B/A= V B- V A=( a B- a A)t 

1 9 

y B =(3 ? B)o + (°) f +- fl iJ r 


When 

\ b/a = SO mm/s t : 80 = ( a B - a A )t 

(7) 

Then 

Aj A =160mm r : 160 = ^-a A r 

A y B = 320 mm t : 320 = ^a B t 2 

1 9 

160 = — (a B - a A )t~ 


Using Eq. (7) 

320 = (80)/ or t — 4 s 


Then 

160 = ^a A (4) 2 or 

a A = 20.0 mm/s 2 4 

and 

320 -~^ a B (4) 2 or 

a B = 40.0 mm/s 2 4 

Note that Eq. (6) 

is not used; thus, the problem is over-determined. 
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PROBLEM 11.61 

A particle moves in a straight line with the acceleration shown in the figure. 
Knowing that it starts from the origin with v 0 = —14 ft/s, plot the v—t and x—t 
curves for 0 < t < 15 s and determine (a) the maximum value of the velocity 
of the particle, ( b ) the maximum value of its position coordinate. 
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PROBLEM 11.61 (Continued) 


Plot v—t curve. Then by similar triangles A’s find t for v = 0. 

Change in x — area under v—t curve 

o 

II 

t = 0 to t = 2 s: 

x 2 - X 0 = ^(-14 -8X2) = -22 ft 

x 2 = -22 ft 

t = 2 s to t = 3 s: 

X 3 - X 2 = ~(-8)(l) = -4 ft 

x 8 = -26 ft 

t = 3 s to t = 5 s: 

x 5 -Xj =^(+16)(2) = +16ft 

* 

o 

1 

1 

II 

t = 5 s to t = 8 s: 

x 8 -x 5 = 2(+16 + 25)(3) = +61.5 ft 

x 8 = +51.6 ft 

t = 8 s to t = 10 s: 

x 10 - x 8 = ^(+25 +15)(2) = +40 ft 

x 10 =+91.6 ft 

t = 10 s to t = 13 s: 

x i3 - x w = ^-(+15)(3) = +22.5 ft 

x 13 =+114 ft 

t = 13s to t = 15 s: 

x 15 - x 13 = ^(-10)(2) = -10 ft 

x 15 =+94 ft 



(a) Maximum velocity: When t- 8 s, 

( b) Maximum x: When t — 13 s, 


v m = 25.0 ft/s 4 
x m = 114.0 ft ◄ 
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a (ft/s 2 ) 

PROBLEM 11.62 

For the particle and motion of Problem 11.61, plot the v—t and x—t curves for 


0 < t < 15 s and determine the velocity of the particle, its position, and the 
total distance traveled after 10 s. 

3 

R R* 

-5 

2 5 

PROBLEM 11.61 A particle moves in a straight line with the acceleration 
shown in the figure. Knowing that it starts from the origin with 
v 0 =—14 ft/s, plot the v—t and x—t curves for 0 < f < 15 s and determine 
(a) the maximum value of the velocity of the particle, (b) the maximum 
value of its position coordinate. 
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PROBLEM 11.62 (Continued) 


Plot v—t curve. Then by similar triangles A'.v find t for v = 0. 

Change in x = area under v—t curve 

o 

il 

t = 0 to t = 2 s: 

x 2 - x 0 = |(-14 - 8X2) = -22 ft 

x 2 = -22 ft 

t = 2 s to t = 3 s: 

x 3 -x 2 =|(-8)(l) = -4ft 

x 8 = -26 ft 

t = 3 s to t = 5 s: 

X 5 -X3 = |(+16)(2) = +16ft 

x 5 = -10 ft 

t = 5 s to t = 8 s: 

x 8 -x 5 = |(+16 + 25)(3) = +61.5ft 

x 8 = +51.6 ft 

t = 8 s to t = 10 s: 

x 10 - x 8 = ^(+25 + 15)(2) = +40 ft 

Xj 0 =+91.6 ft 

i = 10s to t = 13 s: 

x 13 _ x io = “■(+15)(3) = +22.5 ft 

x 13 =+114 ft 

i = 13s to t = 15 s: 

x 15 _ x 13 = ~(-10)(2) = -10 ft 

x 15 = +94 ft 



when t— 10 s: v I0 =+15ft/s A 

x 10 =+91.5 ft/s 4 

Distance traveled: t = 0 to t = 105 

t = 0 to f = 3 s: Distance traveled = 26 ft 

t=3stof=10s Distance traveled = 26 ft + 91.5 ft = 117.5 ft 

Total distance traveled = 26+ 117.5 = 143.5 ft A 
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PROBLEM 11.63 

A particle moves in a straight line with the velocity 
shown in the figure. Knowing that x — —540 m at t — 0, 
(a) construct the a—t and x—t curves for 0 < t < 50 s, 
and determine ib ) the total distance traveled by the 
particle when t- 50 s, (c) the two times at which x — 0. 


SOLUTION 

(a) a t — slope of v—t curve at time t 

From t = 0 to t = 10 s: v = constant =>a — 0 


t — 10 s to t - 26 s: 
t = 26 s to t = 41 s: 


a = 


-20-60 

26-10 


= -5 m/s 2 


v = constant => a = 0 


r = 41 s to t - 46 s: 


a = 


-5 - (-20) 
46-41 


= 3 m/s 2 


t = 46 s: 


v = constant: 

0. i m/s*- 

»o 


a = 0 






vs: 




x 2 = x l + (area under v—t curve from f, to t 2 ) 


O 

II 

< 

x 10 = -540 + 10(60) + 60 m 

Next, find time at which v = 0. Using similar triangles 


fv=o- 10 26-10 

-=- or 

60 80 

At t-22s: 

jr 22 =60 + ^(12)(60)= 420 m 

t- 26 s: 

jc 26 = 420—T(4)(20) = 380 m 

r = 41 s: 

x 41 =380-15(20) = 80 m 

(Z3 

\D 

II 

* 4 6 = 80 5^ 20 + 5 j = 17.5m 

t- 50 s: 

x 50 = 17.5-4(5) = -2.5 m 


t 


v=0 


= 22 s 
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PROBLEM 11.63 (Continued) 


(b) From t = 0 to t = 22 s: Distance traveled = 420 - (-540) 

= 960 m 

t — 22 s to t — 50 s: Distance traveled = I- 2.5 - 4201 

= 422.5 m 

Total distance traveled = (960 + 422.5) ft = 1382.5 m 


(c) Using similar triangles 
Between 0 and 10 s: 


(t x= o\-0 _ 10 

540 600 


Between 46 s and 50 s: 


^x=oh 46 _ 

17.5 20 


Total distance traveled = 1383 m A 


(U =0 )i = 9.00 s ◄ 


(U=o) 2 = 49.5 s ◄ 
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PROBLEM 11.64 

v (m/s) 



A particle moves in a straight line with the 
velocity shown in the figure. Knowing that 
x = -540 m at 1 = 0, (a) construct the a—t and 


N 



i 

_i 

\ 26 

41 46 x—t curves for 0<r<50s, and determine (b) 

-5 

-20 

-1 0 — 

—~^T- 

,, ) the maximum value of the position coordinate of 

the particle, (c) the values of t for which the 
particle is at x = 100 m. 



SOLUTION 

(a) a, = slope of v—t curve at time t 

From t = 0 to t - 10 s: 

t -10 s to t - 26 s: 

t- 26 s to t — 41 s: 

t = 41 s to t = 46 s: 

t — 46 s: 


v = constant => a = 0 
-20-60 


a = ■ 


- = -5 m/s 


26-10 
v = constant => a = 0 
-5 - (-20) 


3 m/s - 


46-41 

v = constant => a = 0 

0,1 m / s *‘ 

^ 


•o 




iL- 




x 2 = x, + (area under v-f curve from t, to r 2 ) 

At t = 10 s: x w = -540+10(60) = 60 m 

Next, find time at which v = 0. Using similar triangles 


v=0 


-10 26-10 


60 


80 


or 


f v=0 = 22 S 


At 


t = 22 s: 

x 22 

t- 26 s: 

X 26 

r = 41s: 

*41 

^|- 

II 

*46 

r = 50s: 

*50 


1 

-< 

2 


~(4)(2( 

15(20)= 
/ 20 + 5 

l 2 


= 17.5 m 



x 50 = 17.5 -4(5) = -2.5 m 
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PROBLEM 11.65 


During a finishing operation the bed of an industrial planer moves alternately 30 in. to the right and 30 in. to 
the left. The velocity of the bed is limited to a maximum value of 6 in./s to the right and 12 in./s to the left; the 
acceleration is successively equal to 6 in./s 2 to the right, zero 6 in./s 2 to the left, zero, etc. Determine the time 
required for the bed to complete a full cycle, and draw the v-t and x—t curves. 
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PROBLEM 11.66 

A parachutist is in free fall at a rate of 200 km/h when he opens his parachute at an 
altitude of 600 m. Following a rapid and constant deceleration, he then descends at 
a constant rate of 50 km/h from 586 m to 30 m, where he maneuvers the parachute 
into the wind to further slow his descent. Knowing that the parachutist lands with a 
negligible downward velocity, determine (a) the time required for the parachutist to 
land after opening his parachute, ( b ) the initial deceleration. 


SOLUTION 

Assume second deceleration is constant. Also, note that 

200 km/h = 55.555 m/s, 

50 km/h = 13.888 m/s 



'Kj ton 



is 
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PROBLEM 11.67 



A commuter train traveling at 40 mi/h is 3 mi 
from a station. The train then decelerates so 
that its speed is 20 mi/h when it is 0.5 mi from 
the station. Knowing that the train arrives at 
the station 7.5 min after beginning to decelerate 
and assuming constant decelerations, determine 
(a) the time required for the train to travel the 
first 2.5 mi, ( b ) the speed of the train as it 
arrives at the station, (c) the final constant 
deceleration of the train. 
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PROBLEM 11.68 


60 in. • 


>>= 


A - B 






A temperature sensor is attached to slider AB which moves back 
and forth through 60 in. The maximum velocities of the slider 
are 12 in./s to the right and 30 in./s to the left. When the slider is 
moving to the right, it accelerates and decelerates at a constant 
rate of 6 in./s 2 ; when moving to the left, the slider accelerates 
and decelerates at a constant rate of 20 in./s 2 . Determine the time 
required for the slider to complete a full cycle, and construct the 
v-t and x—t curves of its motion. 


SOLUTION 

The v-t curve is first drawn as shown. Then 


^ ^ right _12 in./s_^ ^ 


right 


6 in./s' 


v ieft _ 30 in./s 


‘left 


20 in./s 


Now 

or 

or 

and 

or 

or 

Now 


= 1.5 s 
Aj = 60 in. 
[(?j - 2) s](12 in./s) = 60 in. 


t x =7s 
A 2 = 60 in. 
{[(/ 2 - 7) -1.5] s} (30 in./s) = 60 in. 


t 2 - 10.5 s 

^cycle — O 


We have x n - x, + (area under v-t curve from f, to t u ) 


At 


f = 2 s: x 2 =^(2)(12) = 12 in. 

r = 5 s: x 5 =12 + (5-2)(12) 

= 48 in. 

t- 7s: x 7 = 60 in. 

t - 8.5 s: x 8 5 = 60--(1.5X30) 

= 37.5 in. 

t -9 s: x 9 =37.5-(0.5)(30) 

= 22.5 in. 

t - 10.5 s: x 105 = 0 


* 







L cyc\e 


= 10.5 s ◄ 
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PROBLEM 11.69 

In a water-tank test involving the launching of a small model boat, 
the model’s initial horizontal velocity is 6 m/s, and its horizontal 
acceleration varies linearly from -12m/s 2 at t — 0 to -2 m/s 2 at 
f = f, and then remains equal to -2 m/s 2 until f = 1.4 s. Knowing 
that v —1.8 m/s when f = q, determine (a) the value of q, (b) the 
velocity and the position of the model at f = 1.4 s. 


SOLUTION 



Given : 

for 

at 

at t = t, 


v 0 = 6 m/s; for Octet,, 
q etc 1.4s a — — 2m/s 2 ; 
t = 0 « = -12m/s 2 ; 
a - -2 m/s 2 , v = 1.8 m/s 2 


The a—t and v—t curves are first drawn as shown. The time axis is not 
drawn to scale. 


(a) We have 


\ - v o + A 

1.8 m/s = 6 m/s — (q s) 


f 12 + 2 ^ 


m/s 2 


q = 0.6 s 4 


( b ) We have 


V 1.4 = ' ; ?1 + A 

Vj 4 = 1.8 m/s -(1.4-0.6) sx2 m/s 2 


Vj 4 = 0.20 m/s A 


Now x 14 = A 3 + A 4 , where A 3 is most easily determined using 
integration. Thus, 


for Octet,: 


Now 


-2-(-12) 50 ^ 

----t -12 = —r —12 

0.6 3 


dv 50 

— — ci — —t —12 

dt 3 
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At t - 0, v = 6 m/s: 


or 


We have 


Then 


Also 

Then 

or 


PROBLEM 11.69 (Continued) 


'(50 ^ 


J dv — j* I — t -12 


n 3 


dt 


v = 6 + —t 2 - I2t 
3 

dx , , „ 25 2 

— = v = 6 - 12 r +—t 
dt 3 


25 ^ 


r x t r U.b __ 

A 3 = J ( 6-12 t + -^-t~)dt 


r r 9 25 3 

6t-6t +—r 
9 


0.6 


= 2.04 m 


Jo 


A 4 = (1.4-0.6) 


1.8 + 0.2 


V 2 

x 14 = (2.04 + 0.8) m 


= 0.8 m 


x l4 = 2.84 m A 
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PROBLEM 11.70 

The acceleration record shown was obtained for a small 
airplane traveling along a straight course. Knowing that x = 0 
and v = 60 m/s when t = 0, determine (a) the velocity and 
position of the plane at t = 20 s, (b) its average velocity 
during the interval 6 s < t < 14 s. 


SOLUTION 



Geometry of “bell-shaped” portion of v—t curve 






O.TS Vr 


t 





I.S^/s 


The parabolic spandrels marked by * are of equal area. Thus, total area of shaded portion of v—t diagram is: 

-4 

WZK 


h— ^_ = Ax = 6 m 

TT 




(a) When t- 20 s: 


K 20 


= 60 m/s A 


( b ) From f = 6 stof = 14s: 


x 20 = (60 m/s) (20 s) - (shaded area) 

= 1200 m —6 m 
At = 8 s 

Ax = (60 m/s) (14 s —6 s) —(shaded area) 

= (60 m/s)(8 s)-6m = 480 m-6m = 474 m 


x 20 - H94 m A 


Ax 474 m 


v. 


average 


At 8 s 


''average = 59.25 m/s ◄ 
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- B V 

' ir JS 


—*r 

200 in -I--200 in - 


PROBLEM 11.71 

In a 400-m race, runner A reaches her maximum velocity v A in 4 s with 
constant acceleration and maintains that velocity until she reaches the 
half-way point with a split time of 25 s. Runner B reaches her 
maximum velocity v B in 5 s with constant acceleration and maintains 
that velocity until she reaches the half-way point with a split time 
of 25.2 s. Both runners then run the second half of the race with the 
same constant deceleration of 0.1 m/s 2 . Determine (a) the race times 
for both runners, ( b) the position of the winner relative to the loser 
when the winner reaches the finish line. 


SOLUTION 



Sketch v—t curve for second 200 m. 


Sketch v—t curves for first 200 m. 

Runner A: r, = 4 s, t 2 - 25 - 4 = 21 s 

A = ^( 4 )(v A ) max = 2 (v A ) max 

A = 21(v A ) max 
A\+ A 2 - Ax = 200 m 

23(v A ) max = 200 or (v A ) max = 8.6957 m/s 


Runner B: 


t, = 5 s, t 2 = 25.2 - 5 = 20.2 s 


A - 2 A)A/Anax - 2.5(Vg) max 


A 2 = 20.2(vg) n 


A { + Ai = Ax = 200 m 


22.7(vg) max = 200 
Av = \a\t 3 = 0.l£ 3 


or 


(Vmax = 8.8106 m/s 


A = Ws - ~ Av h = 200 


or 


0.05ff - V max % + 200 = 0 


h — 


v + 

max — 


- (4X0.05X200) , + / T ' 

(2)(0.05) ^max-VOmax) J 


Runner A: 


(2)(0.05) 

(Vmax)A = 8.6957, (f 3 ) A = 146.64 s 


and 


27.279 s 


Reject the larger root. Then total time 


t, = 25 + 27.279 = 52.279 s 


t A = 52.2 s A 
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PROBLEM 11.72 



A car and a truck are both traveling at the constant 
speed of 35 mi/h; the car is 40 ft behind the truck. 
The driver of the car wants to pass the truck, i.e., 
he wishes to place his car at B, 40 ft in front of the 
truck, and then resume the speed of 35 mi/h. The 
maximum acceleration of the car is 5 ft/s 2 and 
the maximum deceleration obtained by applying 
the brakes is 20 ft/s 2 . What is the shortest time in 
which the driver of the car can complete the 
passing operation if he does not at any time exceed 
a speed of 50 mi/h? Draw the v-t curve. 
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PROBLEM 11.73 


Solve Problem 11.72, assuming that the driver of the car does not pay any attention to the speed limit while 
passing and concentrates on reaching position B and resuming a speed of 35 mi/h in the shortest possible time. 
What is the maximum speed reached? Draw the v—t curve. 

PROBLEM 11.72 A car and a truck are both traveling at the constant speed of 35 mi/h; the car is 40 ft 
behind the truck. The driver of the car wants to pass the truck, i.e., he wishes to place his car at B , 40 ft in 
front of the truck, and then resume the speed of 35 mi/h. The maximum acceleration of the car is 5 ft/s 2 and 
the maximum deceleration obtained by applying the brakes is 20 ft/s 2 . What is the shortest time in which the 
driver of the car can complete the passing operation if he does not at any time exceed a speed of 50 mi/h? 
Draw the v—t curve. 
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PROBLEM 11.74 



--3S0 ft -- 





* BS5 

* ( V A>0 



TggB 





Car A is traveling on a highway at a constant 
speed (v A ) 0 = 60 ini/h, and is 380 ft from 
the entrance of an access ramp when car B 
enters the acceleration lane at that point at 
a speed (v B ) 0 =15 mi/h. Car B accelerates 
uniformly and enters the main traffic lane 
after traveling 200 ft in 5 s. It then continues 
to accelerate at the same rate until it reaches 
a speed of 60 mi/h, which it then maintains. 
Determine the final distance between the 
two cars. 
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12 m 


PROBLEM 11.75 

An elevator starts from rest and moves upward, accelerating at a rate of 1.2 m/s" 
until it reaches a speed of 7.8 m/s, which it then maintains. Two seconds after the 
elevator begins to move, a man standing 12 m above the initial position of the 
top of the elevator throws a ball upward with an initial velocity of 20 m/s. 
Determine when the ball will hit the elevator. 


SOLUTION 


Given: At r = 0 v £ =0; For 0< v E < 7.8 m/s, a E — 1.2 m/s 2 T; 

For v E = 7.8 m/s, a E — C 

; 

At t = 2 s, v B = 20m/s T 

The v—t curves of the ball and the elevator are first drawn as shown. Note that the initial slope of the curve 

for the elevator is 1.2 m/s 2 , while the slope of the curve for the ball is —g (-9.81 m/s 2 ). 

r m 

A i 


10 

\ BAU- 


J V EViVA-V©* 

1.6 

-j_ 


__ \iTtoP ‘ •> ^ 


2 V t, 

The time f, is the time when v E reaches 7.8 m/s. 

Thus, 

v E = (0) + a E t 

or 

7.8 m/s = (1.2 m/s 2 )tj 

or 

cn 

in 

II 

The time f top is the time at which the ball reaches the top of its trajectory. 

Thus, 

Vb=( v b)o~ M(r-2) 

or 

0 = 20 m/s-(9.81 m/s 2 )(r top -2) s 

or 

t top = 4.0387 s 
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PROBLEM 11.75 (Continued) 


Using the coordinate system shown, we have 


0 <t<t l : 


At t = f top : 


and 


y E =-12 m- 


— a F t 2 | m 


At 

and at t = t t , 

The ball hits the elevator (y B = y E ) when r top <t<t t . 
For t > f top : y B = 20.387 m - 


y B = —(4.0387 - 2) sx(20 m/s) 

= 20.387 m 

y E =-12 m + —(1.2 m/s 2 )(4.0387 s) 2 
= -2.213 m 

t = [2 + 2(4.0387 - 2)] s = 6.0774 s, y B = 0 


y E = -12 m + ^-(6.5 s)(7.8 m/s) = 13.35 m 


1 . 2 

- g(^-hop) 


m 


Then, 

when 


or 

Solving 

Since 1.525 s is less than 2 s, 


y B = y E 

20.387 m —^(9.81 m/s 2 )(t-4.0387) 2 
= -12 m + ^ a .2 m/s 2 )(t s) 2 


5.505r - 39.6196? + 47.619 = 0 
t- 1.525 s and t-5.61 s 


M | 

4 —^ 


1 


t = 5.67 s ◄ 
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A ) 0 = 40 m 



60 ft 


PROBLEM 11.76 

Car A is traveling at 40 mi/h when it enters 
a 30 mi/h speed zone. The driver of car A 
decelerates at a rate of 16 ft/s 2 until 
reaching a speed of 30 mi/h, which she 
then maintains. When car B , which was 
initially 60 ft behind car A and traveling at 
a constant speed of 45 mi/h, enters the 
speed zone, its driver decelerates at a rate 
of 20 ft/s 2 until reaching a speed of 
28 mi/h. Knowing that the driver of car B 
maintains a speed of 28 mi/h, determine 

(a) the closest that car B comes to car A, 

(b) the time at which car A is 70 ft in front 
of car B. 
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(l (ft/s~) 


PROBLEM 11.77 



An accelerometer record for the motion of a given part of a 
mechanism is approximated by an arc of a parabola for 0.2 s and 
a straight line for the next 0.2 s as shown in the figure. Knowing 
that v = 0 when t — 0 and x — 0.8 ft when t = 0.4 s, (a) construct 
the v—t curve for 0 < t < 0.4 s, (b) determine the position of the 
part at t — 0.3 s and t — 0.2 s. 
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PROBLEM 11.78 



A car is traveling at a constant speed of 
54 km/h when its driver sees a child run into 
the road. The driver applies her brakes until 
the child returns to the sidewalk and then 
accelerates to resume her original speed of 
54 km/h; the acceleration record of the car is 
shown in the figure. Assuming x = 0 when 
t - 0, determine (a) the time t\ at which the 
velocity is again 54 km/h, ( b ) the position of 
the car at that time, (c) the average velocity of 
the car during the interval 1 s < t < t v 


SOLUTION 

Given: At 


First note 
(a) We have 


t- 0, x = 0, v = 54 km/h; 

For t = t { , v = 54 km/h 
54 km/h = 15 m/s 

v h = v a + (area under a—t curve from t a to t b ) 


Then 

at t- 2s: 

v = 15 — (1)(6) = 9 m/s 



C/3 

in 

II 

■*»«> 

v = 9 - 2. (2.5)(6) = 1.5 m/s 



t = t x : 

15 = 1.5 + ^(f 1 -4.5)(2) 


or 



= 18.00 s -4 


( b ) Using the above values of the velocities, the v—t curve is drawn as shown. 



1*5 
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PROBLEM 11.79 

An airport shuttle train travels between two terminals that are 1.6 mi apart. To maintain passenger comfort, 
the acceleration of the train is limited to +4 ft/s 2 , and the jerk, or rate of change of acceleration, is limited to 
±0.8 ft/s 2 per second. If the shuttle has a maximum speed of 20 mi/h, determine (a) the shortest time for the 
shuttle to travel between the two terminals, ( b ) the corresponding average velocity of the shuttle. 


SOLUTION 


Given: 


First note 


*max =1 -6mi; la max l = 4ft/s 2 


' da \ 
v dt J max 


= 0.8 ft/s 2 /s; 


v max = 20 mi/h 


20 mi/h = 29.333 ft/s 
1.6 mi = 8448 ft 


(a) 


To obtain t mjn , the train must accelerate and decelerate at the maximum rate to maximize the 

2 

time for which v — v max . The time At required for the train to have an acceleration of 4 ft/s" is found 
from 


' da 
\ dt 


At 


or 


or 


A t = - 


4 ft/s 2 


0.8 ft/s /s 


At = 5 s 


Now, 

after 5 s, the speed of the train is 


or 


V 5=j( A 0( a mm ) 

V 5 =4( 5 S)(4 ft/s 2 ) 
2 


da 

since — = constant 
dt 


\ 

J 


10 ft/s 


2 

Then, since v, < V’ v , the train will continue to accelerate at 4 ft/s until v = v’ v . The a—t curve 

J IllaA ' IIlaA 

must then have the shape shown. Note that the magnitude of the slope of each inclined portion of the 
curve is 0.8 ft/s 2 /s. 
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PROBLEM 11.80 

During a manufacturing process, a conveyor belt starts from rest and travels a total of 1.2 ft before 
temporarily coming to rest. Knowing that the jerk, or rate of change of acceleration, is limited to +4.8 ft/s 2 per 
second, determine (a) the shortest time required for the belt to move 1.2 ft, ( b ) the maximum and average 
values of the velocity of the belt during that time. 


SOLUTION 

Given: At 


t = 0, x = 0, v = 0; x max =1.2 ft; 


when 


* = *max> V = 0; 


f da^ 


\dt j 

max 


= 4.8 ft/s" 


(a) Observing that v max must occur at t = , the a-t curve must have the shape shown. Note that the 

2 

magnitude of the slope of each portion of the curve is 4.8 ft/s“/s. 


We have 



t = 2At: v max = ^a max At + ^(Ar)(a max ) = a m . dX At 


Using symmetry, the v—t is then drawn as shown. 





Noting that A l — A 2 — A 3 = A 4 and that the area under the v—t curve is equal to x max , we have 
(2A0(v max ) = * max 


^max ^max^ ^^max ^ -^max 
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PROBLEM 11.80 (Continued) 


Now 

V - 4.8 ft/s 2 /s so that 

At 



2(4.8Af ft/s 3 )Ar =1.2 ft 


or 

At = 0.5 s 


Then 

s' 

ii 

> 


or 


f rm„ = 2.00S ◄ 

(b) We have 

Vax = «max Af 



= (4.8 ft/s 2 /sx At)At 
= 4.8 ft/s 2 /sx(0.5 s) 2 


or 


^max “1-2 ft/s ◄ 

Also 

Ax _ 1.2ft 

Vave_ Af total 2.00 s 


or 


V ave = °-6 ft/s ◄ 
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PROBLEM 11.81 

Two seconds are required to bring the piston rod of 
an air cylinder to rest; the acceleration record of the 
piston rod during the 2 s is as shown. Determine by 
approximate means (a) the initial velocity of the 
piston rod, ( b) the distance traveled by the piston 
rod as it is brought to rest. 


SOLUTION 

Given : a—t curve; at t- 2 s, v = 0 

1. The a—t curve is first approximated with a series of rectangles, each of width At = 0.25 s. The area 

(A t)(a me ) of each rectangle is approximately equal to the change in velocity Av for the specified 
interval of time. Thus, 

Av = a ave At 

where the values of cz ave and Av are given in columns 1 and 2, respectively, of the following table. 

2. Now v(2) = v 0 + f adt - 0 

J 0 


3. 


and approximating the area a dt under the a—t curve by Za ave Af ~ ZAv, the initial velocity is then 

J 0 

equal to 


Finally, using 


v 0 = —ZAv 


v 2 =Vi+Av 12 


where Av 12 is the change in velocity between times t\ and t 2 , the velocity at the end of each 
0.25 interval can be computed; see column 3 of the table and the v-t curve. 

The v —t curve is then approximated with a series of rectangles, each of width 0.25 s. The area 
(Af)(v ave ) of each rectangle is approximately equal to the change in position Ax for the specified 
interval of time. Thus 


= v ave Af 

where v ave and Ax are given in columns 4 and 5, respectively, of the table. 
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PROBLEM 11.81 (Continued) 


4. With x 0 = 0 and noting that 


X 2 = Xj + Ax 12 

where Ax 12 is the change in position between times t\ and f 2 , the position at the end of each 0.25 s 
interval can be computed; see column 6 of the table and the x—t curve. 


t,5 

a. , w /s t i 

o 

S53 

0.38 

-lAl 

O.SO 

-1.40 

0.1S 

-0.8S 

1.00 

-0.50 

1.3S 

-0.20 

i. So 

-O 11 

I.3S 

- O.Oto 

KE3 

o 





'JWJWJTA 

-3.3VS 

-0.8 04I 

HQ3 


-U3S 

EKSI 

-0.U5 


-o.Vjo 

-O.cftB 

r.*® 

-O.oSl 



-0.030 

-0.008 


K0OS01 




T7777-, 


I.SIZ 

0.31B 

0.811 

0.3\8 

0.441 

0.\33 

0.3U, 

0.01.1 

0.133 

0.053 

O.oSB 

0.0\S 

0 030 

0. ooS 

0.004 

d.OOl 

ZZZZZ 

’///// 




X.Vtn 


V.4i4 


l.tlO 


OWit 


0.350 




D083 


0.033 


o.ooeJ 


0.318 


o.«w 


o.*»\s 


O.lBV. 


0.8\4 


0.834 


0.831 


0.840 


(a) We had found 

(. b ) At t = 2 s 
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PROBLEM 11.82 

The acceleration record shown was obtained during 
the speed trials of a sports car. Knowing that the car 
starts from rest, determine by approximate means 
(a) the velocity of the car at t — 8 s, (b) the distance 
the car has traveled at t = 20 s. 


SOLUTION 

Given : a—t curve; at t- 0, x=0, v = 0 

1. The a—t curve is first approximated with a series of rectangles, each of width At — 2 s. The 
area ( At )(« ave ) of each rectangle is approximately equal to the change in velocity Av for the 
specified interval of time. Thus, 

Av = «ave At 

where the values of a ave and Av are given in columns 1 and 2, respectively, of the following table. 

2. Noting that v 0 = 0 and that 

v 2 = n + Av 12 

where Av 12 is the change in velocity between times t\ and f 2 , the velocity at the end of each 2 s 
interval can be computed; see column 3 of the table and the v—t curve. 

3. The v—t curve is next approximated with a series of rectangles, each of width At -2 s. The 
area (At)(v ave ) of each rectangle is approximately equal to the change in position Ax for the 
specified interval of time. 

Thus, Ax = v ave At 

where v ave and Ax are given in columns 4 and 5, respectively, of the table. 

4. With x 0 = 0 and noting that 

x 2 = Xj + Ax 12 

where Ax 12 is the change in position between times t\ and f 2 , the position at the end of each 2 s 
interval can be computed; see column 6 of the table and the x—t curve. 
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PROBLEM 11.83 

A training airplane has a velocity of 126 ft/s when it lands on 
an aircraft carrier. As the arresting gear of the carrier 
brings the airplane to rest, the velocity and the acceleration 
of the airplane are recorded; the results are shown (solid 
curve) in the figure. Determine by approximate means (a) 
the time required for the airplane to come to rest, ( b ) the 
distance traveled in that time. 


SOLUTION 

Given: a—v curve: 


v 0 = 126 ft/s 


The given curve is approximated by a series of uniformly accelerated motions (the horizontal dashed lines on 
the figure). 


For uniformly accelerated motion 

,2 


V, = Vj + 2 a(x 2 - X|) 
v 2 — v i + - h) 


or 


2 2 

Ar= Vl 
2 a 

. v 2 - v. 
At— — - - 



For the five regions shown above, we have 


(a) 

(b) 


From the table, when v = 0 

From the table and assuming x 0 = 0, when v = 0 


•J-,% 


Region 

Vj, ft/s 

v 2 , ft/s 

a, ft/s 2 

Ax, ft 

At, s 

1 

126 

120 

-12.5 

59.0 

0.480 

2 

120 

100 

-33 

66.7 

0.606 

3 

100 

80 

-45.5 

39.6 

0.440 

4 

80 

40 

-54 

44.4 

0.741 

5 

40 

0 

-58 

13.8 

0.690 

Z 




223.5 

2.957 


t = 2.96 s ◄ 
x = 224 ft ◄ 
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PROBLEM 11.84 

Shown in the figure is a portion of the experimentally 
determined v—x curve for a shuttle cart. Determine by 
approximate means the acceleration of the cart (a) when 
x = 10in., (b) when v — 80 in./s. 


SOLUTION 

Given: v—x curve 



First note that the slope of the above curve is Now 

dv 

a = v — 
dx 


IM. 


(a) When 
Then 

or 

( b ) When v = 80 in./s, we have 


x —10 in., 


a — 55 in./s 


v = 55 in./s 

r 40 in./s ^ 
v 13.5 in., 


a - 80 in./s 


40 in./s 'i 

28 in. J 


or 


a = 163.0 in./s 2 A 


a = 114.3 in./s 2 A 


Note: To use the method of measuring the subnormal outlined at the end of Section 11.8, it is necessary 
that the same scale be used for the x and v axes (e.g., 1 in. = 50 in., 1 in. = 50 in./s). In the above 
solution, Ac and Ax were measured directly, so different scales could be used. 
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PROBLEM 11.85 

Using the method of Section 11.8, derive the formula x = x 0 + v () t + \ar for the position coordinate of a 
particle in uniformly accelerated rectilinear motion. 


SOLUTION 

The a—t curve for uniformly accelerate 

a 

a 

d motion is a 

- 

s shown. 


I 

1 

1 

c ! 

i 

i 

_i_* 

Using Eq. (11.13), we have 

t ^ 

x = x 0 + v 0 t + (area under a—t curve) (t—t) 

-x Q + v 0 t + (t x a)^t - -^t j 

- x Q + v Q t + ^at 2 Q.E.D. A 
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PROBLEM 11.86 



Using the method of Section 11.8 determine the position of the 
particle of Problem 11.61 when t— 8 s. 

PROBLEM 11.61 A particle moves in a straight line with the 
acceleration shown in the figure. Knowing that it starts from the 
origin with v 0 = —14 ft/s. plot the v—t and x—t curves for 
0 < r < 15 s and determine (a) the maximum value of the velocity 
of the particle, ( b ) the maximum value of its position coordinate. 


SOLUTION 



v 0 =-14 ft/s 
when f = 8s: 

x = x 0 + v 0 t + 2A(/[ - 1 ) 

= 0 - (14 ft/s)(8 s) + [(3 ft/s 2 )(2 s)](7 s) + [(8 ft/s 2 )(3 s)](4.5 s) + [(3 ft/s)(3 s)](l.5 s) 
x 8 =-112ft + 42ft + 108ft + 13.5ft x 8 =51.5 ft ◄ 
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PROBLEM 11.87 

The acceleration of an object subjected to the pressure wave of a 
large explosion is defined approximately by the curve shown. The 
object is initially at rest and is again at rest at time t\. Using the 
method of section 11.8, determine (a) the time t\, (b) the distance 
through which the object is moved by the pressure wave. 
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u (ft/s) 

60 

— V 

\ 26 

41 46 

PROBLEM 11.88 

For the particle of Problem 11.63, draw the 
a—t curve and determine, using the method 
of Section 11.8, (a) the position of the 
particle when t- 52 s, (b) the maximum 
value of its position coordinate. 

PROBLEM 11.63 A particle moves in a 

-5 

-20 

10 — 

XT- 


straight line with the velocity shown in the 




figure. Knowing that x = -540 m at t - 0, 

(i a ) construct the a-t and x—t curves for 

0 < t < 50 s, and determine (b) the total 
distance traveled by the particle when 
t - 50 s, (c) the two times at which x = 0. 


SOLUTION 

We have 


a = - 


dv 

dt 


where — is the slope of the v—t curve. Then 


from 


t - 0 tof = 10s: v = constant => a - 0 


, „ -20-60 _ . 2 

t = 10 s to t = 26 s: a- -= -5m/s 


26-10 

t - 26 s to t — 41 s: v = constant; 


a = 0 


a. 


«u 


© 




t - 41 s to t — 46 s: a -——— = 3m/s 2 

46-41 

f>46s: v — constant => a - 0 

The a—t curve is then drawn as shown. 

(a) From the discussion following Eq. (11.13), 

we have x = x 0 + v 0 q + EA(q - t ) 

where A is the area of a region and t is the distance to its centroid. Then, for f, = 52 s 

x = -540 m + (60 m/s)(52 s) + {—[(16 s)(5 m/s 2 )](52 — 18) s 
+ [(5 s)(3 m/s 2 )](52-43.5) s} 


"ft? 1 - 


= [-540 + (3120) + (-2720 +127.5)] m 


or 


x = -12.50 m 4 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


125 








PROBLEM 11.88 (Continued) 


(b) Noting that x max occurs when v = 0 = 0), it is seen from the v-t curve that x max occurs for 

10 s < t< 26 s. Although similar triangles could be used to determine the time at which x = x max 
(see the solution to Problem 11.63), the following method will be used. 


For 10 s < f, < 26 s, we have 

x = -540 + 60^ 
-[(6 — 10)(5)] 


-( 6 - 1 °) 


m 


= -540 + 606 -|(t, -10) 2 


When x = x max : 


dx 

dt 


= 60 - 5(6 -10) = 0 





or (6) r =22s 

1 A max 

Then x max = -540 + 60(22) -1(22 -10) 2 

or x m , x = 420 m ◄ 
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A 

1 \ _— 


PROBLEM 11.CQ3 

Two model rockets are fired simultaneously from a ledge and follow the 
trajectories shown. Neglecting air resistance, which of the rockets will 
hit the ground first? 

i/X 

— UL_ 

VL 

(a) A 

■ . / 7,\ r> 


(c) They hit at the same time. 

(d) The answer depends on h. 


SOLUTION 

The motion in the vertical direction depends on the initial velocity in the y-direction. Since A has a larger 
initial velocity in this direction it will take longer to hit the ground. 

Answer: (b) 4 
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PROBLEM 11.CQ4 



Ball A is thrown straight up. Which of the following statements about the ball are true 
at the highest point in its path? 

(a) The velocity and acceleration are both zero. 

( b) The velocity is zero, but the acceleration is not zero. 

(c) The velocity is not zero, but the acceleration is zero. 

(d) Neither the velocity nor the acceleration are zero. 


SOLUTION 

At the highest point the velocity is zero. The acceleration is never zero. 

Answer: ( b ) ^ 
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PROBLEM 11.CQ5 

Ball A is thrown straight up with an initial speed vo and reaches a maximum elevation h before falling back 
down. When A reaches its maximum elevation, a second ball is thrown straight upward with the same initial 
speed vo. At what height, y, will the balls cross paths? 


(a) 

y—h 

(b) 

y > h/2 

( c ) 

y = h/2 

(d) 

y < h/2 

(e) 

y = o 


SOLUTION 

When the ball is thrown up in the air it will be constantly slowing down until it reaches its apex, at which 
point it will have a speed of zero. So, the time it will take to travel the last half of the distance to the apex will 
be longer than the time it takes for the first half. This same argument can be made for the ball falling from the 
maximum elevation. It will be speeding up, so the first half of the distance will take longer than the second 
half. Therefore, the balls should cross above the half-way point. 

Answer: (b) M 
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PROBLEM 11.CQ6 

§!' 

Two cars are approaching an intersection at constant speeds as shown. What 


velocity will car B appear to have to an observer in car A? 

CED . ffl 

(a) -► ( b ) (c) (d) (e) y/ 
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PROBLEM 11.CQ7 


Blocks A and B are released from rest in the positions shown. Neglecting friction between all surfaces, which 
figure below best indicates the direction a of the acceleration of block 5? 



A 
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PROBLEM 11.89 

A ball is thrown so that the motion is defined by 
the equations x-5t and y = 2 + 6t -4.9f 2 , where 
x and y are expressed in meters and t is expressed 
in seconds. Determine (a) the velocity at t — 1 s, 
(b) the horizontal distance the ball travels before 
hitting the ground. 
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PROBLEM 11.90 

The motion of a vibrating particle is defined by the position vector 
r = 10(1- e~ 3 ')i + (4e~ 2> sin 15/)j, where r and / are expressed in 
millimeters and seconds, respectively. Determine the velocity and 
acceleration when (a) t- 0, (b) t - 0.5 s. 


SOLUTION 


r = 10(l-e 3, )i + (4e 2/ sin 15r) j 

dr 

Then v = — = 30e~ i + [60W 2 ' cos 15/ -8e~ 2 ' sin 15r]j 

dt 

and a = — = -90W 3 'i + [-120W 2 ' cosl5/ -900e~ 2r sin 15/ - 120e~ 2 ' cos 15/ + 16e 2/ sin 15/]j 

dt 

= -90e“ 3 'i + [-240W 2 ' cos 15/ - 884W 2 ' sin 15/] j 


(a) When / = 0: 

v = 30i + 60j mm/s 
a = —90i - 240j mm/s 2 
When / = 0.5 s: 

v = 30e 15 i + [60W 1 cos 7.5 - 8W 1 sin 7.5] 

= 6.694i + 4.8906j mm/s 

a = 90e _15 i + [-240W 1 cos 7.5 - 884W 1 sin 7.5 j] 
= -20.08i - 335.65j mm/s 2 


v = 67.1 mm/s 63.4° A 
a - 256 mm/s 2 ^ 69.4° ◄ 

v = 8.29 mm/s 36.2° ◄ 

a = 336 mm/s 2 86.6° 4 
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PROBLEM 11.91 

|-- 4 in. -► 

•*- 4 in.- 

The motion of a vibrating particle is defined by the position vector 

0 

y/~\ 

l in. r = (4sin;zT)i - (cos 2nt)j, where r is expressed in inches and t in 


\ 

l j,,. r seconds, (a) Determine the velocity and acceleration when t - 1 s. 


(b) dhow til at the path ot the particle is parabolic. 


SOLUTION 


r = (4 sin nt) i - (cos 2nt) j 
v = (4 n cos nt) i + (2;r sin 2;rt) j 
a = -(4;r 2 sin nt) i + (4;r 2 cos 2;n)j 

(a) When t = 1 s: 

v = (4/r cos n) i + (2;r sin 2;r) j 


a = ~(\k 2 sin n) i - (4;r cos ;r)j 
(fr) Path of particle: 

Since r = xi + y j ; x = 4 sin nt, 

Recall that cos 2# = 1 -2 sin 2 6 and write 


y = -cos 2m 


y = — cos 2;z? = -(1 - 2 sin 2 nt) 
But since x = 4sin nt or sin nt = — x, Eq.(l) yields 



f 1 Yl 

1-2 


U J _ 


v = ~(4n in/s)i A 
a = -(4;r 2 in/s 2 )j A 


( 1 ) 


v = — x 


-1 (Parabola) A 
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PROBLEM 11.92 

The motion of a particle is defined by the equations x = I Or - 5 sin t and 3 ’ = 10-5 cos t, where x and y are 
expresed in feet and t is expressed in seconds. Sketch the path of the particle for the time interval 0<t< 2 jt, 
and determine (a) the magnitudes of the smallest and largest velocities reached by the particle, ( b ) the 
corresponding times, positions, and directions of the velocities. 
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16 


PROBLEM 11.92 (Continued) 





1 1 t i i i 

.V. 
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- 


-», ■ 

— v ™« 



12 


y'/ 




10 

- 
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- 
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- 

// vv 

- 
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yy 'xv 
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2 
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(a) 

Differentiate with respect to t to obtain velocity components. 






dx 

v = —= 10 — 5cosf and v =5sint 






J dt y 






v 2 — v 2 + v 2 y = (10-5 cost) 2 +25 sin 2 t = 125- lOOcost 

———~— = 100 sin t = 0 t = 0. +7i. +271... + Nk 






dt 




When t = 

2 

2 Nk. cos t — 1. and v is minimum. 




When t = 

(2/V + l);r. cos ? = — 1. and v is maximum. 






(v 2 ) mm = 125 - 100 = 25(ft/s) 2 

V = 

min 

5 ft/s ◄ 




(v 2 ) max =125 + 100 = 225(ft/s) 2 

Vax =15 ft/s ◄ 

(b) 

When v = 

: V • 

K mm* 




When N 

= 0,1,2,... x = 10(2/r/V) - 5 sin(2/r/V) 

x - 20kN ft ◄ 




y = 10-5cos(2;rA0 

y 

= 5 ft ◄ 




v x = 10 - 5cos(2;r/V) 

V x = 

5 ft/s ◄ 




v y =5sin(2 kN) 

v v =04 




V v 


<9 = 0 ◄ 




tan <9 = — = 0, 





V x 
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PROBLEM 11.92 (Continued) 


When v = v 

v K max* 


t = {IN + X)7t s ◄ 


x = 10[2/r( N -1)] - 5 sin[2 k{N + 1)] 

x = 20k(N + 1) ft ◄ 


y = 10 — 5cos[2;r(V +1)] 

y = 15 ft ◄ 


v x =10-5cos[2/r(V + l)] 

v x =15 ft/s ◄ 


v y =5sin[2^(A r + l)] 

v,=0 ◄ 


tan 9 = — = 0, 

6>-0 ◄ 
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PROBLEM 11.93 

1.0 




The damped motion of a vibrating particle is defined by 
the position vector r = x, [ 1 -1/(7 + l)]i + (y^e~ K,n ~ cos 2/rr)j, 

0.5 

0 

— 

\ 

1 1 

where t is expressed in seconds. For x, = 30 mm and 
>>i = 20 mm, determine the position, the velocity, and the 
acceleration of the particle when (a) t - 0, (b) t = 1.5 s. 


oA 

0.6 >*1 

-0.5 

— 




-1.0 

- 
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PROBLEM 11.93 (Continued) 


( b ) At / = 1.5 s: 


or 


or 


or 


1 


+ 20e a75 *(cos 3;r)j 


r = 30 1- 
l 2.5 

= (18 mm)i +(-1.8956 mm)j 


30 f 1 5 

v =-- i - 20 7ie^ 015 ' 1 — cos 3k + 0 j 

(2.5) 2 U J J 

= (4.80 mm/s)i + (2.9778 mm/s)j 


a =-^-r-i + Wn 2 e a75 "(0 - 7.5 cos 3;r)j 

(2.5) 3 

= (-3.84 mm/s 2 )i + (70.1582 mm/s 2 )j 


r = 18.10 mm ^6.01° ◄ 


v = 5.65 mm/s 31.8° 


a = 70.3 mm/s 2 X 86.9° ◄ 
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PROBLEM 11.94 

The motion of a particle is defined by the position vector 
r = A(cos t +1 sin f)i + A(sin t-t cos f)j, where t is expressed in 
seconds. Determine the values of t for which the position vector 
and the acceleration are (a) perpendicular, (b) parallel. 

o 

t 

1. 


SOLUTION 



We have 

r = A(cos t + t sin t) i + A(sin t-t cos f)j 


Then 


dr . 

v = — = A(- sin t + smt + t cos t) 1 
dt 




+ A(cos t - cos t + t sin t) j 
= A(t cos f)i + A(t sin f)j 


and 


d\ 

a = — = A(cos t -1 sin t) i + A(sin t + t cos f)j 
dt 


(a) 

When r and a are 

perpendicular, r • a = 0 



A[(cos t + t sin f)i + (sin t-t cos t) j] • A[(cos t -1 sin t) i + (sin t + t cos t)j] = 0 



or 

(cos t + 1 sin r)(cos t -1 sin t) + (sin t-t cos r)(sin t + t cos t) — 0 



or 

(cos 2 t-t 1 sin 2 1) + (sin 2 t-t 1 cos 2 1) — 0 



or 

1 -f 2 = 0 or 

r = 1 s ◄ 

( b ) 

When r and a are 

parallel, rxa = 0 



A[(cos t + t 

sin t) i + (sin t-t cos t) j] x A[(cos / - / sin t) i + (sin t + t cos t) j] = 0 



or 

[(cos t + 1 sin f)(sin t + t cos t) - (sin t-t cos ?)(cos t -1 sin f )]k = 0 



Expanding 

(sin t cos t + t + rsint cos t) - (sin / cos t -1 + 1 1 sin t cos t) - 0 



or 

2t-0 or 

t = 0 ◄ 
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PROBLEM 11.95 


The three-dimensional motion of a particle is defined by the position vector r = (Rt cos ( 0 „t) i + ctj + (Rt sin 
co n t) k. Determine the magnitudes of the velocity and acceleration of the particle. (The space curve described 
by the particle is a conic helix.) 
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PROBLEM 11.96 

The three-dimensional motion of a particle is defined by the position 
vector r = {At cos t )i + (A^Jt 2 +1)j + (fit sin f)k, where r and t are 
expressed in feet and seconds, respectively. Show that the curve 
described by the particle lies on the hyperboloid (y/A) — (x/A) — 
— 1. For A- 3 and 5 = 1, determine (a) the magnitudes of the 
velocity and acceleration when t = 0, (b) the smallest nonzero value 
of t for which the position vector and the velocity are perpendicular 
to each other. 
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PROBLEM 11.97 

An airplane used to drop water on brushfires is flying 
horizontally in a straight line at 180 mi/h at an altitude of 
300 ft. Determine the distance d at which the pilot should 
release the water so that it will hit the fire at B. 


SOLUTION 

First note v 0 = 180 km/h = 264 ft/s 

Place origin of coordinates at Point A. 

Vertical motion . (Uniformly accelerated motion) 

y = 0 + (0)t-^gt 2 

At B: -300 ft = -—(32.2 ft/s 2 )? 2 

2 

or t B - 4.31666 s 

Horizontal motion . (Uniform) 

x = 0 + (v x ) 0 t 

At B: d — (264 ft/s)(4.31666 s) 

or 




I-d -J® 


d = 1140 ft ◄ 
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PROBLEM 11.98 

A helicopter is flying with a constant horizontal velocity of 
180 km/h and is directly above Point A when a loose part 
begins to fall. The part lands 6.5 s later at Point B on an 
inclined surface. Determine (a) the distance d between 
Points A and B, ( b ) the initial height h. 


SOLUTION 

Place origin of coordinates at Point A. 


Horizontal motion: 

(v t ) 0 =180 km/h = 50 m/s 


At Point B where t B =6.5 s. 

x= x 0 + (v r ) 0 t = 0 + 50f m 

x B = (50)(6.5) = 325 m 


(a) Distance AB. 

From geometry 

. 325 

Cl — 

d - 330 m ◄ 

cos 10° 

3 ? = .v 0 +(v > ,)o' l --gf' 

Vertical motion: 


At Point B 

-x B tan 10° = h + 0 - ^(9.81)(6.5) 2 


( b ) Initial height. 


h - 149.9 m A 
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PROBLEM 11.99 


A baseball pitching machine “throws” baseballs with 
a horizontal velocity v 0 . Knowing that height h varies 
between 788 mm and 1068 mm, determine (a) the 
range of values of % (b) the values of a corresponding 
to h = 788 mm and h = 1068 mm. 
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SOLUTION 


Hi 


Vertical motion. (Uniformly accelerated motion) 


& 


.y = o +( o) f -Igt 2 

r 

L 

___pX 

''-X lit 

Y 




-_ _L < A ft J 

Horizontal motion. (Uniform) 

x = 0 + (v x ) 0 t = v 0 t 



At B : y: 

-3—ft = -—(32.2 ft/s 2 )r 

3 2 



or 

t B = 0.455016 s 



Then x : 

7 ft = (v 0 ) g (0.455016 s) 



or 

(v 0 ) B =15.38 ft/s 



At C: y: 

-2 ft = -^-(32.2 ft/s 2 )r 



or 

t c = 0.352454 s 



Then x: 

12-ift = (v 0 ) c (0.352454 s) 



or 

(v 0 ) c = 35.0 ft/s 


15.38 ft/s < v 0 < 35.0 ft/s A 
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PROBLEM 11.101 


Water flows from a drain spout with an initial velocity of 
2.5 ft/s at an angle of 15° with the horizontal. Determine 
the range of values of the distance d for which the water 
will enter the trough BC. 


SOLUTION 




First note 

(v x ) 0 = (2.5 ft/s) cos 15° = 2.4148 ft/s 
(v v ) 0 = -(2.5 ft/s) sin 15° = -0.64705 ft/s 



Vertical motion. (Uniformly accelerated motion) 


i & 

At the top of the trough 

y = 0 + (v y ) 0 t--gt 2 

Jj 

L 

* 


-8.8 ft -(-0.64705 ft/s)r- (32.2 ft/s 2 )r 


-d 4-4-zu 

or 

t BC = 0.719491 s (the other root is negative) 



Horizontal motion. (Uniform) 

x = 0 + (v x ) 0 f 



In time t BC 

x BC = (2.4148 ft/s)(0.719491 s) - 1.737 ft 



Thus, the trough must be placed so that 




x B <1.737 ft or v c >1.737 ft 



Since the trough is 2 ft wide, it then follows that 


0< d <1.737 ft ◄ 
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SOLUTION 


First note 

(v x ) 0 = (1-2 m/s) cos 40° = 0.91925 m/s 

(v y ) o = -(1.2 m/s) sin 40° = -0.77135 m/s 

Horizontal motion . (Uniform) 

x = 0 + (v x ) 0 t 

Vertical motion . (Uniformly accelerated motion) 

, , 1 2 
y=yo + (y y ) 0 t--gt 

Milk enters glass at B. 

x: 0.08 m = (0.91925 m/s) t or t B - 0.087028 s 

y: 0.140 m = h B +(-0.77135 m/s)(0.087028 s) 

-^(9.81 m/s 2 K0.087028 s) 2 

or h B = 0.244 m 

Milk enters glass at C. 

x: 0.146 m = (0.91925 m/s) t or t c = 0.158825 s 
y: 0.140 m = h c + (-0.77135 m/s)(0.158825 s) 

-^-(9.81 m/s 2 )(0.158825 s) 2 


Ml 



or 


h c = 0.386 m 


0.244 m < h < 0.386 m A 
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PROBLEM 11.103 

A volleyball player serves the ball with 
\ » J A an initial velocity v 0 of magnitude 

7 13.40 m/s at an angle of 20° with the 

\ «- 9 m- - 

horizontal. Determine (a) if the ball 
will clear the top of the net, ( b ) how far 
from the net the ball will land. 


SOLUTION 

First note (v x ) 0 = (13.40 m/s) cos 20° = 12.5919 m/s 

(v y ) 0 = (13.40 m/s) sin 20° = 4.5831 m/s 


| ^ _ 




2.1 

1 1 _ 

r 

_ 1 

’t •*» 

>* 

> 

% ^ 





E __ 

- a — 




(a) Horizontal motion . (Uniform) 


x = 0 + (v x ) 0 t 

At C 9 m = (12.5919 m/s)f or t c - 0.71475 s 

Vertical motion . (Uniformly accelerated motion) 

y = yo+{v y \t--gt 2 

At C: y c =2.1 m +(4.5831 m/s)(0.71475 s) 

— — (9.81 m/s 2 )(0.71475 s) 2 
= 2.87 m 


y c > 2.43 m (height of net) => ball clears net A 
( b ) At/?, y = 0: 0 = 2.1 m + (4.5831 m/s)/ — —(9.81 m/s 2 )t 2 

Solving t B =1.271175 s (the other root is negative) 

Then d = (v x ) 0 t B = (12.5919 m/s)(1.271175 s) 

= 16.01 m 

The ball lands b = (16.01-9.00) m = 7.01 m from the net A 
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PROBLEM 11.104 


A golfer hits a golf ball with an initial velocity of 160 ft/s at an angle of 25° with the horizontal. Knowing that 
the fairway slopes downward at an average angle of 5°, determine the distance d between the golfer and Point B 
where the ball first lands. 
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PROBLEM 11.105 

A homeowner uses a snowblower to clear his 
driveway. Knowing that the snow is discharged 
at an average angle of 40° with the horizontal, 
determine the initial velocity Vq of the snow. 


SOLUTION 

First note ( v x ) 0 = v 0 cos 40° 

O y )o = v 0 sin40° 

Florizontal motion . (Uniform) 

x=o+(v t y 


At B: 


14 = (v 0 cos40°)t or t B = 


14 


v 0 cos 40° 


Vertical motion . (Uniformly accelerated motion) 

1 


At B: 

Substituting for t B 


y = 0 + (v y \t--gC (g =32.2 ft/s ) 


1 ? 

1.5 = (v 0 sin40 °)t B - -gt B 


or 


or 


1.5 = (v 0 sin 40°) 


2 _ i(32.2)(196)/cos-40° 
V ° ~ -1.5+ 14 tan 40° 










14 ^ 

1 

' 14 ' 

v v 0 cos 40° j 

2 g 

v v 0 cos 40° y 


= 22.9 ft/s ◄ 
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SOLUTION 




The motion is projectile motion. Place the origin of the xy-coordi nate system at ground level just below Point A. 

The coordinates of Point A 

are x 0 = 0, y 0 = 2m. The components of initial velocity are (v x ) 0 

= v 0 cos 40° m/s 

and (v ) 0 = v 0 sin 40°. 




Horizontal motion: 

x = x 0 + (v x ) 0 t = (v 0 cos 40 °)t 


(1) 

Vertical motion: 

y = yo+(y y \t = -gt 2 
= 2 + (v 0 sin 40°) = -^(9.81)f 2 


(2) 

From (1), 

V = - 

0 cos 40° 


(3) 

Then 

y = 2+ xtan 40° - 4.905r 




t2 2 + x tan 40° - y 

4.905 


(4) 

Point B: 

x = 8 + 10cos35° = 16.1915 m 




y — 1.5 + lOsin 35° = 7.2358 m 




, 16.1915 10 ^ 

v n t = - = 21.1365 m 

0 cos 40° 




2 2 + 16.1915 tan 40°-7.2358 

4.905 

t = 1.3048 s 



21.1365 

v n = - 

0 1.3048 

v 0 = 16.199 m/s 
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PROBLEM 11.106 (Continued) 

Point C: 

x = 8 + (10 + 7) cos 35° = 21.9256 m 
y = 1.5 + (10+ 7)sin35° = 11.2508 m 


, 21.9256 

v n t = - = 28.622 m 

0 cos 40° 


2 2 + 21.9256 tan 40°-11.2508 

t = - t = 1.3656 s 

4.905 


28.622 

v' 0 = Va — 20.96 m/s 

0 1.3656 0 

Range of values of % 

16.20 m/s < v 0 < 21.0 m/s M 
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PROBLEM 11.107 

A basketball player shoots when she is 16 ft from the 
backboard. Knowing that the ball has an initial velocity Vo 
at an angle of 30° with the horizontal, determine the value 
of vo when d is equal to (a) 9 in., ( b ) 17 in. 

* 


SOLUTION 



First note 

(U )o = cos 30° (v y ) 0 = v 0 sin 30° ^ 


Horizontal motion. (Uniform) x = 0 + (v Y ) 0 f L _ 

At B: (16 - d) — (v 0 cos 30°)f or t B =————— 

v 0 cos 30° 

——4 

Vertical motion. (Uniformly accelerated motion) y = 0+ (v y ) 0 t- — gt 2 (s-32.2 ft/s 2 ) 

At B: 

3-2 = (v 0 sin 30 °)t B -^gr B 


Substituting for t B 

an , • aAo^^ 16 -d ^ 1 f 16 — d Y 

3.2 = (v n sin 30 ) - —g - 

l v v 0 cos30°J 2 ^ v 0 cos 30° J 


or 

v 2_ 2g(16-d) 2 

3[^(16 -d)- 3.2 


(a) d - 9 in.: 

v 2 2(32.2)(16-A) 3 

3[k( 16 -n)-3- 2 " 

v 0 = 29.8 ft/s M 

( b ) d = 17 in.: 

2 2(32.2) (16 -|}) 2 

V °~3[i( 16 -n)-3-f 

v 0 = 29.6 ft/s M 
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PROBLEM 11.108 

A tennis player serves the ball at a height h — 2.5 m with an initial velocity of Vo at an angle of 5° with the 
horizontal. Determine the range for which of v 0 for which the ball will land in the service area which extends 
to 6.4 m beyond the net. 



SOLUTION 

The motion is projectile motion. Place the origin of the xy-coordinate system at ground level just below the 
point where the racket impacts the ball. The coordinates of this impact point are x 0 = 0, y 0 = h = 2.5 m. The 
components of initial velocity are (v t ) 0 = v 0 cos5° and (v y ) 0 = v 0 sin 5°. 

x = x 0 + (v x ) 0 t = (v 0 cos5°)t (1) 

y = yo + (y y \t = -gt 2 

= 2.5 -(v 0 sin5°)f = -^-(9.81)f 2 (2) 


Horizontal motion: 
Vertical motion: 


X 

From (1), v 0 t = ——■ 

cos5 

Then y = 2.5 —xtan5° —4.905f 2 

2 _ 2.5-v tan 5° - y 
~ 4.905 


At the minimum speed the ball just clears the net. 

x — 12.2 m, y = 0.914 m 

12.2 

Vnf — -= 12.2466 m 

cos 5° 

2 _ 2.5-12.2 tan 5°-0.914 
” 4.905 

12.2466 
0 0.32517 


/ = 0.32517 s 
v 0 = 37.66 m/s 


(3) 


(4) 
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PROBLEM 11.109 

The nozzle at A discharges cooling water with an initial 
velocity Vo at an angle of 6° with the horizontal onto a grinding 
wheel 350 mm in diameter. Determine the range of values of 
the initial velocity for which the water will land on the 
grinding wheel between Points B and C. 


SOLUTION 

First note 

(vJo = v 0 cos 6° 

(v y )o = ~ v o sin 6 ° 

Florizontal motion . (Uniform) 

x=x 0 +(v r y 

Vertical motion . (Uniformly accelerated motion) 

V = Vo + (Vy ) 0 t~St 2 (g =9.81 m/s 2 ) 

At Pointfi: x = (0.175 m) sin 10° 

y = (0.175 m) cos 10° 

x: 0.175 sin 10° = -0.020 + (v 0 cos 6 °)t 

0.050388 

or t R = - 

v 0 cos 6° 

y: 0.175 cos 10° = 0.205 + (-v 0 sin 6 °)t B — — gt\ 
Substituting for t B 



-0.032659 = (-v 0 sin 6°) 


' 0.050388^ 
v v 0 cos 6° 


1 

2 


f 

(9.81) 

v 


0.050388 
v 0 cos 6° 


\2 

) 
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or 

or 

At Point C: 


or 


PROBLEM 11.109 (Continued) 


2 _ i(9.81)(0.050388) 2 

V ° ~ cos 2 6°(0.032659 - 0.050388 tan 6°) 

(v 0 ) B = 0.678 m/s 

x — (0.175 m) cos 30° 
y = (0.175 m) sin 30° 

x: 0.175 cos 30° = -0.020 + (v 0 cos 6°)t 

0.171554 




v 0 cos 6° 


y : 0.175 sin 30° = 0.205 + (-v 0 sin 6 °)t c — — gtc 


Substituting for t c 


-0.117500 = (-v„ sin 6°) 


0.171554 

^ v 0 cos 6° 




- 2 <9 ' 81) 


^ Q.171554 ^ 2 
^ v 0 cos 6° j 


or 


or 


Vn =■ 


j(9.81)(0.171554) 2 


cos 2 6°(0.117500 - 0.171554 tan 6°) 


(v 0 ) c =1.211 m/s 


0.678 m/s < v n < 1.211 m/s ^ 
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PROBLEM 11.110 

> 

Is' * 


While holding one of its ends, a worker lobs a coil of rope over 




the lowest limb of a tree. If he throws the rope with an initial 




velocity Vo at an angle of 65° with the horizontal, determine the 


f 

k 


range of values of v 0 for which the rope will go over only the 




lowest limb. 


L 

5.: 

Ill 

hr 




• /> 

f r\'' ^ 

s' 

> 


m a ^ 

\ 0.7 in 5 n 



■ * 
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PROBLEM 11.111 


The pitcher in a softball game throws a ball with an initial velocity Vo of 72 km/h at an angle a with the 
horizontal. If the height of the ball at Point B is 0.68 m, determine (a) the angle a, (b) the angle 6 that the 
velocity of the ball at Point B forms with the horizontal. 


A 
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PROBLEM 11.111 (Continued) 


Then 

8 = 1400 tan a - 24.5g(l + tan 2 a) 


or 

240.345 tan 2 a -1400 tan a + 248.345 = 0 


Solving 

a = 10.3786° and a = 79.949° 


Rejecting the second root because it is not physically reasonable, we have 




a = 10.38° ◄ 

( b) We have 

v x =(v x ) 0 = 20 cos a 


and 

V V = (v y ) 0 - gt = 20sin a-gt 


At Point B: 

(v y ) B - 20 sin a-gt B 



7c 

= 20 sin a --- 

10 cos a 


Noting that at Point B, 

v < 0, we have 



. n K v v)«l 
v x 



-20 sin a 

10 cos a 

20 cos a 



200 cos 103786° sin 10.3786° 
cos 10.3786° 


or 


9 = 9.74° ◄ 
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PROBLEM 11.112 

A model rocket is launched from Point A with an initial 
velocity Vo of 75 m/s. If the rocket’s descent parachute does 
not deploy and the rocket lands a distance d — 100 m from 
A, determine (a) the angle a that Vo forms with the vertical, 
( b ) the maximum height above Point A reached by the 
rocket, and (c) the duration of the flight. 


SOLUTION 


Set the origin at Point A. 
Horizontal motion: 

Vertical motion: 


*o = Jo = 0 


x = v 0 t sin a 


sin a - 


V 


1 2 

y = v 0 t cos a — gt 


1 


cos a = — y +—gt 


V 


l 


sin 1 a + cos 2 a =-— 

(V ) 2 

2 , 2 . .2 , 1 2.4 2.2 

x +y +gyt +-g t =V 
~g t -(v 0 -gyjt +(x +y ) = 0 

At Point B, a Jx 2 + y 2 — 100 m, x = 100 cos 30° m 

y = -100 sin 30° = -50 m 

—(9.81) 2 / 4 - [75 2 - (9.81X-50)]? 2 +100 2 = 0 
4 

24.0590 1 4 - 6115.5 r +10000 = 0 

r= 252.54 s 2 and 1.6458 s 2 
r = 15.8916 s and 1.2829 s 


2,1 , 1 .2 
X +| J + ~gt 


= 1 


(1) 


(2) 
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PROBLEM 11.113 


The initial velocity Vo of a hockey puck is 105 mi/h. Determine (a) the largest value (less than 45°) of 
the angle a for which the puck will enter the net, ( b ) the corresponding time required for the puck to reach 
the net. 


C D 
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Now 


Then 


or 


Then 


or 


or 


PROBLEM 11.113 (Continued) 


—— = sec 2 a = 1 + tan 2 a 


cos" a 


y frnnt = 16 tan a - (1 + tan 2 a) 

- front 5929 


2 5929 

tan ~ a -tan a + 


2g 


5929 + 
2 g ~ 


r , 5929 

1 +- 

v 32g 


y front 


= 0 


tan a = ■ 


( 5929 V 

-4( 

V 2 g ) 



1/2 


5929 , 

tan a = -± 

4x32.2 


' 5929 

v 4x32.2 


f 5929 
v + 32x32.2' Vfront 


1/2 


tan a = 46.0326 ±[(46.0326) 2 -(1 + 5.7541 ,v front )] 1/2 


Now 0 < _y front < 4 ft so that the positive root will yield values of a > 45° for all values of \’i mnt . 
When the negative root is selected, a increases as y fron , is increased. Therefore, for cr max , set 


Then 


or 


Vfront — >’C — ^ ft 

tan a = 46.0326 - [(46.0326) 2 - (1 + 5.7541 + 4)] 1/2 


^max = 14.6604° 


« =14.66° ◄ 


(b) We had found 


^enter 


8 


77 cos a 

8 


77 cos 14.6604° 


or 


= 0.1074 s ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


168 




PROBLEM 11.114 


A worker uses high-pressure water to clean the inside of a long drainpipe. If the water is discharged with an 
initial velocity Vo of 11.5 m/s, determine (a) the distance d to the farthest Point B on the top of the pipe that the 
worker can wash from his position at A, (I?) the corresponding angle or. 



SOLUTION 



First note 

(v r ) 0 = v 0 cos or = (11.5 m/s) cos or 



(v ) 0 = v 0 sin or = (11.5 m/s) sin or 


By observation, <i max occurs when 


A ^ 

Vertical motion. (Uniformlv accelerated motion) 



+ 

o 

II 

1 

II 

1 2 


1 9 

= (11.5 sin or) - gt = (11.5 sin a)t — — gt 

When 

y = >max at B, (v y ) B =0 


Then 

(v y ) B = 0 = (11.5 sin a)- gt 


or 

11.5 sin a n 0 . . 2x 

t B = (g = 9.81 m/s ) 

g 


and 

1 , 

y B =(11.5 sin a)t B ~-gt B 


Substituting for t B and noting y B - 

1.1m 



/iic- Til.5 sin or'] 1 

1.1 = (11.5 sin or) - — g 

V 8 ) 2 

\ 2 

11.5 sin a ] 

§ ) 


= — (11.5) 2 sin 2 or 

2 g 


or 

sin 2 a = 2-2 x9 ^ 81 a = 23.8265° 

11.5 2 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


169 







PROBLEM 11.114 (Continued) 


(a) 

Horizontal motion. (Uniform) 




x = 0 + (v x ) 0 f = (11.5 cos a)t 



At Point B: 

•* = d max and t = t B 



where 

t„ = 11-5 sin 23.8265° = 0.47356 s 

9.81 



Then 

ri max = (11.5)(cos 23.8265°)(0.47356) 



or 


d m ax = 4-98 m ◄ 

(b) 

From above 


a = 23.8° ◄ 
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■*— 1.5 in —-| 

-- <1 


PROBLEM 11.115 

An oscillating garden sprinkler which 
discharges water with an initial velocity 
Vo of 8 m/s is used to water a vegetable 
garden. Determine the distance d to the 
farthest Point B that will be watered and 
the corresponding angle a when (a) the 
vegetables are just beginning to grow, 
(b) the height h of the corn is 1.8 m. 


SOLUTION 

First note 

Florizontal motion . (Uniform) 

At Point B: 
or 


(v x ) 0 = V 0 cos a = (8 m/s) cos a 
(v ) 0 = v 0 sin a = (8 m/s) sin a 

x = 0+ (v x ) 0 t = (8 cos a)t 

x - d : d - (8 cos a)t 
d 




Vertical motion . (Uniformly accelerated motion) 


8 cos a 


1 


>’ = 0 + (v y ) 0 f — -gt 


At Point B: 

Simplifying and substituting for t B 


- (8 sin a)t-^gt 2 (g =9.81 m/s 2 ) 

1 2 


0 = (8 sin a)t B -~gt B 


0 = 8 sin a — e 
2 


8 cos a 


or 


, 64 . 

d =—sin 2 a 

g 


'V 


(a) When h = 0, the water can follow any physically possible trajectory. It then follows from 
Eq. (1) that d is maximum when 2 a = 90° 


( 1 ) 


or 


Then 


or 


a = 45° ◄ 


64 

d = -sin (2x45°) 

9.81 


d m „ = 6.52 m ◄ 
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PROBLEM 11.115 (Continued) 


( b ) Based on Eq. (1) and the results of Part a, it can be concluded that d increases in value as a increases 

in value from 0 to 45° and then d decreases as a is further increased. Thus, c/ max occurs for the value 
of a closest to 45° and for which the water just passes over the first row of corn plants. At this row, 
*com=l-5 m 


so that 

Also, with y corn = h, we have 


L nr „ = - 


1.5 


8 cos a 


1 2 

h = (8 sin a)t com --gt com 


Substituting for f corn and noting h = 1.8 m, 


or 

Now 

Then 

or 

Solving 


1.8 = (8 sin a ) 


1.8 = 1.5 tan a- 


1.5 j 1 

;- —rS 

i cos a ) 2 


2-25 g 
128 cos 2 a 


1.5 


8 cos a 


—— = sec 2 a -1 + tan 2 a 


cos a 


1.8 = 1.5 tan a- 2 ' 25(9 ' 81) (1 + tan 2 a) 
128 


0.172441 tan ^ 2 a - 1.5 tan a + 1.972441 = 0 


a = 58.229° and a = 81.965° 


From the above discussion, it follows that d = d when 


Finally, using Eq. (1) 


64 

d = -sin (2x58.229°) 

9.81 


or 


a = 58.2° ◄ 


=5.84 m ◄ 
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|-—1.8 m —*■ 

PROBLEM 11.116* 

, 4 - 

A mountain climber plans to jump from A to B over a 

A V 

crevasse. Determine the smallest value of the climber’s initial 

ll — 

velocity Vo and the corresponding value of angle a so that he 

~T~ 

lands at B. 


1.4 m 


8 __L 


SOLUTION 


First note 

(U)o = v o cos a v. 

Horizontal motion. (Uniform) 

Oy)o= v 0 sina 

K -* 


x = 0 + (v x ) 0 t = (v 0 cos a)t 

At Point B: 

1.8 = (v 0 cos a)t 

or 

1.8 

r B ~ 

v 0 cos a 

Vertical motion. (Uniformly accelerated motion) 


y = 0 + {v y \t--gt 2 

= (v 0 sin a)t~ — gt 2 (g = 9.81 m/s 2 ) 

At Point B: 

1 , 

-1.4 = (v 0 sin a)t B --gt B 

Substituting for t B 

... . ( 1.8 ^ 1 f 1.8 Y 

1-4 = (v 0 sin a) g 

1 v 0 cos a J 2 ^ v 0 cos a J 


2 _ 1-62 g 


cos" a( 1.8 tan cr + 1.4) 


1.62g 


0.9 sin 2a + 1.4 cos 2 a 
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30 ft/s 



^2 io° 


PROBLEM 11.117 

The velocities of skiers A and B are 
as shown. Determine the velocity of 
A with respect to B. 
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PROBLEM 11.118 


The three blocks shown move with constant velocities. Find the velocity of each 
block, knowing that the relative velocity of A with respect to C is 300 mm/s upward 
and that the relative velocity of B with respect to A is 200 mm/s downward. 


a BFI \WS 
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^^45 mi/h 


L 70° 


■30 mi/h 


PROBLEM 11.119 

Three seconds after automobile B passes through the intersection shown, 
automobile A passes through the same intersection. Knowing that the 
speed of each automobile is constant, determine (a) the relative velocity 
of B with respect to A, ( b ) the change in position of B with respect to A 
during a 4-s interval, (c) the distance between the two automobiles 2 s 
after A has passed through the intersection. 


SOLUTION 



v A = 45 mi/h = 66 ft/s 
v B = 30 mi/h = 44 ft/s 

Law of cosines 

v\j A = 66 2 +44 2 -2(66)(44)cosll0° 
v B/A = 90.99 ft/s 


v b = v A + v BIA 


(a) Relative velocity : 


Law of sines 

sin/? _ sin 110° « = 4297 o 

66 90.99 

a = 90° - /3 = 90° - 42.97° = 47.03° 

\ B/A =91.0 ft/s 47.0° ◄ 


(b) Change in position for At - 4 s. 


A r B , A = v b/a A t = (9 1.0 ft/s)(4 s) 

(c) Distance between autos 2 seconds after auto A has passed intersection. 
Auto A travels for 2 s. 

v A = 66 ft/s ^ 20° 
r A ~ v A t ~ (66 ft/s)(2 s) = 132 ft 
r A = 132 ft 20° 


r m = 364 ft 47.0° ◄ 
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PROBLEM 11.119 (Continued) 


X/r 


P£ 


-S' 

ZX& 


7 


Auto B 




/ 
/-Btfi 


y B =44 ft/s I 

r B = \ B t = (44 ft/s)(5 s) = 220 ft J 


Law of cosines 


/ 


r B/A =(132) 2 + (220) 2 -2(132)(220)cosll0° 


v b/a = 292.7 ft 


Distance between autos = 293 ft 
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PROBLEM 11.120 

Shore-based radar indicates that a ferry leaves its slip with a 
velocity v = 18 km/h 70°, while instruments aboard the ferry 
indicate a speed of 18.4 km/h and a heading of 30° west of south 
relative to the river. Determine the velocity of the river. 


SOLUTION 



We have 


: Y R + y FIR 


or v, 


1 FIR + y R 


The graphical representation of the second equation is then as shown. 


We have 


v R = 18 +18.4 -2(18)(18.4) cos 10° 


or 


v R =3.1974 km/h 


and 


18 


3.1974 


sin a sin 10° 


or a- 77.84° 

Noting that 

y R =3.20 km/h ^17.8° ◄ 

Alternatively one could use vector algebra. 
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PROBLEM 11.121 


Airplanes A and B are flying at the same altitude and are tracking the 
eye of hurricane C. The relative velocity of C with respect to A 
is v CM = 350 km/h 75°, and the relative velocity of C with respect 
,v to B is \ C/B = 400 km/h 40°. Determine (a) the relative velocity of 
B with respect to A, (b) the velocity of A if ground-based radar indicates 
that the hurricane is moving at a speed of 30 km/h due north, (c) the 
change in position of C with respect to B during a 15-min interval. 
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PROBLEM 11.121 (Continued) 

(b) 

We have 

V C = V A + y CIA 


or 

v A = (30 km/h)j - (350 km/h)(-cos 75°i - sin 75°j) 



v A = (90.587 km/h )i + (368.07 km/h)j 


or 

v A =379 km/h ^76.17° ◄ 

(c) 

Noting that the velocities of B and C are constant, we have 



= (r B ) 0 + \ B t r c = (r c ) 0 + \ c t 


Now 

V CIB ~ T C ~ V B ~ [( r C )o _ ( r B )o ] + ( V C — V B ) ? 



= [( r c) 0 - ( r B)o] + y C/B t 


Then 

^ r C/B ~ ( r C/B \ 2 ~ ( r C/B )/j = y CIB (h ~ h ) = y C/B^ t 


For At = 15 min: 

(1 ) 

A r aB = (400 km/h) — h J = 100 km 



Ar c/ B =100 km ^40° ◄ 
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PROBLEM 11.122 

Pin P moves at a constant speed of 150 mm/s in a counterclockwise sense along a 
circular slot which has been milled in the slider block A shown. Knowing that the 
block moves downward at a constant speed 100 mm/s determine the velocity of 
pin P when (a) 0 = 30°, ( b ) 0 - 120°. 


SOLUTION 


(a) For 6 = 30° 


(b) For 6 = 120° 


\ p = 100 ms (—j) + 150(cos Oi + sin #j)mm/s 
v p = -100 mm/s (j) + 150(-cos(30°)i + sin(30°)j)mm/s 
v p = (—751 + 29.9038j)mm/s 

y p = 80.7 mm/s 2x21.7° A 

y p = -100 mm/s (j) + 150(-cos(120°)i + sin(120°)j)mm/s 
y p = (— 129.9038i H—175j) mm/s 

y p = 218 mm/s 2x53.4° 4 


Alternative Solution 


(a) For 0 = 30°, v P/A = 7.5 in./s \| 30° 


Vp=V A +Vp, A 


Law of cosines 


v 2 P = (150) 2 + (100) 2 -2(100)(150)cos30° 
v P = 80.7418 mm/s 


Law of sines 


sin P _ sin 30° 


150 80.7418 


j3 —- 111 .7 C 



ISOmtrvj/s 


100 K»vt/s 


Vp = 80.7 mm/s 2^ 21.7° A 
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Try 


PROBLEM 11.123 


Knowing that at the instant shown assembly A has a velocity of 9 in./s and an 
acceleration of 15 in./s 2 both directed downward, determine (a) the velocity 
of block B, (b) the acceleration of block B. 





PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



184 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


185 




/ 

/ 


PROBLEM 11.124 


Knowing that at the instant shown block A has a velocity of 8 in./s and 
an acceleration of 6 in./s 2 both directed down the incline, determine 

/ v\ 

\ 

' 

(a) the velocity of block B , (b) the acceleration of block B. 
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PROBLEM 11.125 

A boat is moving to the right with a constant deceleration of 
0.3 m/s 2 when a boy standing on the deck D throws a ball with an 
initial velocity relative to the deck which is vertical. The ball rises 
to a maximum height of 8 m above the release point and the boy 
must step forward a distance d to catch it at the same height as the 
release point. Determine (a) the distance d, (b) the relative velocity 
of the ball with respect to the deck when the ball is caught. 


SOLUTION 

Horizontal motion of the ball: 
Vertical motion of the ball: 


= (©O’ *ball = (v,V 

V v = (©0 - § r 


At maximum height, 


At time of catch, 


or 


Motion of the deck: 


y B = OyV _ 2 gt2 ’ ( © 2 - (©o = - 2 gy 

v y = 0 and y = y max 

(v y ) 2 = 2g. ymax - (2)(9.81)(8) = 156.96 m 2 /s 2 
(v v ) 0 = 12.528 m/s 

y = 0 = 12.528 - ^-(9.81)f 2 


1 catch 


= 2.554 s and v = 12.528 m/s \ 


1 9 

kt = (©o + a D t, x deck = (v x ) 0 t + -a D r 


Motion of the ball relative to the deck: 

(' v bid)x = (Vx'to ~ t( v x)o + a Di\ = -art 


(v x ) 0 t + —a D t 2 


(a) At time of catch, 

(b) 


X B/D ~ ( v x)of 
( V B/d\ = ( V y)o _ gb yBID ~ yB 

d - x DIB = -i(-0.3)(2.554) 2 

(v BID ) x = -(-0.3X2.554) = +0.766 m/s 
(y B/D ) y = 12.528 m/s { 


=- a n t 

2 D 


d = 0.979 m ◄ 

or 0.766 m/s —- 

\ WD = 12.55 m/s ^ 86.5° ◄ 
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% 

c 

PROBLEM 11.126 

\ 

\ 

The assembly of rod A and wedge B starts from rest and moves 
to the right with a constant acceleration of 2 mm/s 2 . Determine 
(a) the acceleration of wedge C, (b) the velocity of wedge C 
when t - 10 s. 

v 

1 20° \ 

A 

—5 A 

/ \ 

« 

i 
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SOLUTION 


A grain of sand will undergo projectile motion. 

= v = constant = -5 ft/s 

y-direction . v s = ^2gh = ^/(2)(32.2 ft/s 2 )(3 ft) = 13.90 ft/s i 

Relative velocity . \ S/B = v s - \ B (1) 

( a ) If v SIB is vertical, 

-v sm J = -5i -13.9j - (~v B cos 15°i + v B sin 15°j) 

= -5i-13.9j + v B cosl5°i-v B sin 15°j 

Equate components . i: 0 = -5 + v B cos 15° v B ——-— = 5.176 ft/s 

cos 15° 


\ B =5.18 ft/s 2^15°4 

(b) v s/c is as small as possible, so make v s/B _L to v B into (1). 

-v s/B sin 15°i - v s/B cos 15°j = -5i - 13.9j + v B cos 15°i - v B sin 15°j 
Equate components and transpose terms. 

(sin 15°) v SIB + (cos 15°) v B = 5 
(cos 15°) v s/B - (sin 15°) v B = 13.90 

Solving, v SIB = 14.72 ft/s v B = 1.232 ft/s 

y B =1.232 ft/s 2^15°4 
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PROBLEM 11.128 

P> B. 

1.5 ft St 



Conveyor belt A, which forms a 20° 
angle with the horizontal, moves at 
a constant speed of 4 ft/s and is 
used to load an airplane. Knowing 
that a worker tosses duffel bag B 
with an initial velocity of 2.5 ft/s at 
an angle of 30° with the horizontal, 
determine the velocity of the bag 
relative to the belt as it lands on the 

t j'| 

O 

o 








belt. 


SOLUTION 

First determine the velocity of the bag as it lands on the belt. Now 

[(v b )Jo=( v b)o cos 30 ° 

= (2.5 ft/s)cos 30° 

[(Vy]() =Oii)o Sln 30 ° 

= (2.5 ft/s) sin 30° 

Florizontal motion . (Uniform) 

x = 0 + [(v B ) x ] 0 t 
= (2.5 cos 30°) t 

Vertical motion . (Uniformly accelerated motion) 

1 2 

y = y 0 + [(v B ) y ] 0 t--gt 
= 1.5+ (2.5 sin 30 °)t-^gt 2 

The equation of the line collinear with the top surface of the belt is 

y = x tan 20° 



( v b \ - [( v b ). v ]o 
= 2.5 cos 30° 


0 B )y =[(v B )y] 0 -^ 


= 2.5 sin 30° - gt 


Thus, when the bag reaches the belt 

1.5 + (2.5 sin 30°) t-^gt 2 = [(2.5 cos 30°)/] tan 20° 

or ^-(32.2 )t 2 +2.5(cos 30° tan 20° - sin 30°) t -1.5 = 0 

or 16. lr 2 -0.46198/-1.5 = 0 

Solving t- 0.31992 s and t — — 0.29122 s (Reject) 
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PROBLEM 11.128 (Continued) 

The velocity \ B 

of the bag as it lands on the belt is then 


Vg - (2.5 cos 30°)i + [2.5 sin 30° - 32.2(0.319 92)]j 
= (2.1651 ft/s)i- (9.0514 ft/s)j 

Finally 

= V4 + V|HA 

or 

\ B/A = (2.165 li — 9.0514j) -4(cos 20°i + sin 20°j) 

= -(1.59367 ft/s)i - (10.4195 ft/s)j 

or 

\ B/A =10.54 ft/s ^81.3° ◄ 
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PROBLEM 11.129 


During a rainstorm the paths of the raindrops appear to form an angle of 30° with the vertical and to be directed 
to the left when observed from a side window of a train moving at a speed of 15 km/h. A short time later, after 
the speed of the train has increased to 24 km/h, the angle between the vertical and the paths of the drops 
appears to be 45°. If the train were stopped, at what angle and with what velocity would the drops be observed 
to fall? 
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PROBLEM 11.130 

As observed from a ship moving due east at 9 km/h, the wind appears to blow from the south. After the ship 
has changed course and speed, and as it is moving north at 6 km/h, the wind appears to blow from the 
southwest. Assuming that the wind velocity is constant during the period of observation, determine the 
magnitude and direction of the true wind velocity. 
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PROBLEM 11.131 


When a small boat travels north at 5 km/h, a flag mounted on its 
stern forms an angle 0 = 50° with the centerline of the boat as 
shown. A short time later, when the boat travels east at 20 km/h, 
angle 0 is again 50°. Determine the speed and the direction of the 
wind. 
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PROBLEM 11.132 

As part of a department store display, a 
model train D runs on a slight incline 
between the store’s up and down 
escalators. When the train and shoppers 
pass Point A, the train appears to a 
shopper on the up escalator B to move 
downward at an angle of 22° with the 
horizontal, and to a shopper on the down 
escalator C to move upward at an angle 
of 23° with the horizontal and to travel 
to the left. Knowing that the speed of the 
escalators is 3 ft/s, determine the speed 
and the direction of the train. 
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SOLUTION 

The tangential acceleration is zero since the speed is constant, so there will only be normal acceleration 
pointed upwards. 

Answer: ( b ) ^ 
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SOLUTION 

The tangential acceleration is zero since the speed is constant, so there will only be normal acceleration. The 
normal acceleration will be maximum where the radius of curvature is a minimum, that is at Point A. 

Answer: (a) ^ 
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PROBLEM 11.CQ10 



A child walks across merry-go-round A with a constant speed u relative to A. The 
merry-go-round undergoes fixed axis rotation about its center with a constant 
angular velocity co counterclockwise.When the child is at the center of A, as 
shown, what is the direction of his acceleration when viewed from above. 

(a) —- 

(b) — 

(c) | 

id) | 

(i e ) The acceleration is zero. 


SOLUTION 

Polar coordinates are most natural for this problem, that is, 

a = (r - r0 2 )e r + (rd + 2 r9)e s 

From the information given, we know r — 0, 0 — 0, r - 0, 9-co, r = —u. When we substitute 
these values into (1), we will only have a term in the -6 direction. 

Answer: (d) 4 
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SOLUTION 

2 

V 2 

a„ = — a n - 0.8 m/s 

P 



v — 72 km/h = 20 m/s 



0.8 m/s 2 = ( 2 ° m/s ^ 

P 

p - 500 m -4 
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PROBLEM 11.134 

Determine the maximum speed that the cars of the roller-coaster 
can reach along the circular portion AB of the track if p is 25 m 
and the normal component of their acceleration cannot exceed 3 g. 


SOLUTION 

y 2 

°n = - 


We have 



P 


Then 

(Vmax)L =(3x9.81 m/s 2 )(25 m) 


or 

Ow Jab =27.124 m/s 


or 


( V max ) Aii = 97 ' 6km/h < 
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PROBLEM 11.135 

A bull-roarer is a piece of wood that produces a roaring sound when attached to the 
end of a string and whirled around in a circle. Determine the magnitude of the 
normal acceleration of a bull-roarer when it is spun in a circle of radius 0.9 m at 
a speed of 20 m/s. 


SOLUTION 

v 2 = (20m/ s ) ! =4444m/s2 



p 0.9 m 

a n = 444 m/s 2 A 
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PROBLEM 11.136 

To test its performance, an automobile is driven around a circular test track of diameter d. Determine (a) the 
value of d if when the speed of the automobile is 45 mi/h, the normal component of the acceleration 
is 11 ft/s 2 , ( b ) the speed of the automobile if d = 600ft and the normal component of the acceleration is 
measured to be 0.6 g. 
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PROBLEM 11.137 

An outdoor track is 420 ft in diameter. A runner increases her speed at a constant 
rate from 14 to 24 ft/s over a distance of 95 ft. Determine the magnitude of the total 
acceleration of the runner 2 s after she begins to increase her speed. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


206 






PROBLEM 11.138 

A robot arm moves so that P travels in a circle about Point 5, which is not 
moving. Knowing that P starts from rest, and its speed increases at a constant 
rate of 10 mm/s 2 , determine (a) the magnitude of the acceleration when t — 4 s, 
0 b ) the time for the magnitude of the acceleration to be 80 mm/s 2 . 


SOLUTION 

Tangential acceleration: 
Speed: 

Normal acceleration: 
where 

(a) When t = 4 s 


Acceleration: 


a, = 10 mm/s~ 


v = a t t 

2 

V 

P 




2.2 

a , t 

P 


p - 0.8 m = 800 mm 
v = (10)(4) = 40 mm/s 
(40) 2 


a„ = ' ' = 2 mm/s 

: V ( 10) 2 +( 2) 2 


800 


2 2 
+ ai 


(, b ) Time when a = 80 mm/s 2 


2 _ 2 . 2 
o, — a„ + a t 


(80) 2 = 


(I0) 2 r 

800 


+ 10 


t 4 = 403200 s 4 


a- 10.20 mm/s 2 A 


t = 25.2 s ◄ 
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PROBLEM 11.139 

A monorail train starts from rest on a curve of radius 400 m and accelerates at the constant rate a,. If the 

2 1 

maximum total acceleration of the train must not exceed 1.5 m/s , determine (a) the shortest distance in 
which the train can reach a speed of 72 km/h, ( b ) the corresponding constant rate of acceleration a t . 
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PROBLEM 11.140 


B C 

• • 



A motorist starts from rest at Point A on a circular entrance ramp when 
t — 0, increases the speed of her automobile at a constant rate and 
enters the highway at Point B. Knowing that her speed continues to 
increase at the same rate until it reaches 100 km/h at Point C, 
determine (a) the speed at Point B , (b) the magnitude of the total 
acceleration when t = 20 s. 


SOLUTION 

Speeds: 

Distance: 

Tangential component of acceleration: 


Vq — 0 v, = 100 km/h = 27.78 m/s 


s = —(150) + 100 = 335.6 m 
2 


Vj 2 = Vq + 2 ci t s 


_ V| 2 - Vq _ (27.78)- - 0 _ 


2s (2)(335.6) 


= 1.1495 m/s“ 


At Point B , 


v b ~ v o + 2 d t s B where s B = —(150) = 235.6 m 


2,2 


v% = 0 + (2)(1.1495)(235.6) = 541.69 nr/s 

v B = 23.27 m/s 

(a) At / = 20 s, v = v 0 + a t t - 0 + (1.1495)(20) = 22.99 m/s 

Since v < v B , the car is still on the curve. p - 150 rn 

v 2 (22.99) 2 

Normal component of acceleration: a n = — =-= 3.524 m/s 


v B = 83.8 km/h A 


( b ) Magnitude of total acceleration: 


p 150 

Id = + a 2 = 7(1.1495) 2 + (3.524) 2 lal = 3.71 m/s 2 ◄ 
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PROBLEM 11.141 


Racecar A is traveling on a straight portion of the track while racecar B is 
traveling on a circular portion of the track. At the instant shown, the 
speed of A is increasing at the rate of 10 m/s 2 , and the speed of B is 
decreasing at the rate of 6 m/s 2 . For the position shown, determine (a) the 
velocity of B relative to A, (b) the acceleration of B relative to A. 
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PROBLEM 11.142 

At a given instant in an airplane race, airplane A is flying 
horizontally in a straight line, and its speed is being increased 
at the rate of 8 m/s 2 . Airplane B is flying at the same altitude 
as airplane A and, as it rounds a pylon, is following a circular 
path of 300-m radius. Knowing that at the given instant the 
speed of B is being decreased at the rate of 3 m/s 2 , determine, 
for the positions shown, ( a ) the velocity of B relative to A, 
(. b ) the acceleration of B relative to A. 


SOLUTION 



First note 

v A = 450 km/h v B = 540 km/h =150 m/s 


(a) 

We have 

= V A + V fl/A 



The graphical representation of this equation is then as shown. 

We have v 2 /A = 450 2 + 540 2 - 2(450)(540) cos 60° 

! Vi 



v B/A =501.10 km/h 



and 

540 _ 501.10 
sin a sin 60° 

v 



a = 68.9° 

\ B/A = 501 km/h P^68.9° ◄ 

0 b) 

First note 

a A =8m/s 2 —«- (a B ) f = 3 m/s 2 2^60° 



Now 

_ v 2 _ (150 m/s) 2 

B " p B 300 m 




(a B )„ =75 m/s 2 ^30° 



Then 

a B ~ + ( a B )» 




= 3(-cos 60° i + sin 60°j) + 75(-cos 30° i 
= -(66.452 m/s 2 )i - (34.902 m/s 2 )j 

-sin 30° j) 


Finally 

a B ~ a A + a B/A 




a B/A = (-66.452i - 34.902j) - (8i) 




= -(74.452 m/s 2 )i - (34.902 m/s 2 )j 

a BIA =82.2 m/s 2 ^’25.1°4 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


211 







PROBLEM 11.143 

From a photograph of a homeowner using a snowblower, it 
is determined that the radius of curvature of the trajectory of 
the snow was 30 ft as the snow left the discharge chute at A. 
Determine (a) the discharge velocity v A of the snow, (b) the 
radius of curvature of the trajectory at its maximum height. 


SOLUTION 



(a) 

The acceleration vector is 32.2 ft/s r . 

> 

<56 



At Point A, tangential and normal components of a are as shown 
in the sketch. 



CL 


a n = ucos40° = 32.2cos40° = 24.67 ft/s 2 

v 2 - p A (a A ) n = (30X24.67) - 740.0 ft 2 /s 2 


< 



v A = 27.2 ft/s 40° ◄ 

v x = 27.20cos 40° = 20.84 ft/s 


\j 

f 

0 b ) 

At maximum height, v = v x = 20.84 ft/s 





a n = g = 32.2 ft/s 2 , 





p = <2a84)2 , = 13.48 ft ◄ 

32.2 
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PROBLEM 11.145 


A golfer hits a golf ball from Point A with an initial velocity of 50 m/s 
at an angle of 25° with the horizontal. Determine the radius of curvature 
of the trajectory described by the ball (a) at Point A, ( b ) at the highest 
point of the trajectory. 
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PROBLEM 11.146 

Three children are throwing snowballs at each other. Child A 
throws a snowball with a horizontal velocity vo. If the snowball 
just passes over the head of child B and hits child C, determine 
the radius of curvature of the trajectory described by the snowball 
(a) at Point B. (b) at Point C. 
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PROBLEM 11.146 (Continued) 



(a) 

Radius of curvature at Point B. 

(259.97 m 2 /s 2 ) 3/2 
~ (9.81 m/s 2 )(15.504 m/s) 


p B = 27.6 m 4 


At Point C 

h c = lm + 2m = 3m 





v 2 = (15.504) 2 +(2)(9.81)(3) = 299.23 m 2 /s 2 


(b) 

Radius of curvature at Point C. 

(299.23 m 2 /s 2 ) 3/2 
~ (9.81 m/s 2 )(15.504 m/s) 


p c = 34.0 m 4 
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50° 


oo o 


PROBLEM 11.147 

Coal is discharged from the tailgate A of a dump truck with an 
initial velocity v A = 2 m/s T^O 0 . Determine the radius of 
curvature of the trajectory described by the coal (a) at Point A, 
(. b ) at the point of the trajectory 1 m below Point A. 


SOLUTION 




(a) At Point A. a A — g , = 9.81 m/s 2 { 


Sketch tangential and normal components of acceleration at A. 
(a A ) n = g cos 50° 


Pa = 



K)» 


(2) 2 

9.81 cos 50° 


p A = 0.634 m 4 


(. b ) At Point B, 1 meter below Point A. 

Horizontal motion: (v B ) v = (v A ) x = 2cos50° = 1.286 m/s->— 


Vertical motion: (v B ) 2 = (v A ) 2 + 2a y (y B - y A ) 

= (2 cos 40°) 2 + (2)(—9.81)(—1) 
= 21.97 m 2 /s 2 

(y B ) y - 4.687 m/s { 


tan# 


(v B ) y _ 4.687 
(v B ) x 1.286’ 


or Q = 74.6° 


a B = geos 74.6° 

v B ( v b\x + ( v b\ 

Pk = —~— =- 

{a B )„ geos 74.6° 

_ (1.286) 2 + 21.97 
9.81 cos 74.6° 


p B = 9.07 m -4 
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B 


PROBLEM 11.148 


From measurements of a photograph, it has been found 
that as the stream of water shown left the nozzle at A, 
it had a radius of curvature of 25 m. Determine (a) the 
initial velocity y A of the stream, (b) the radius of 
curvature of the stream as it reaches its maximum 
height at B. 
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PROBLEM 11.149 

A child throws a ball from Point A with an initial velocity \ A of 
20 m/s at an angle of 25° with the horizontal. Determine the 
velocity of the ball at the points of the trajectory described by the 
ball where the radius of curvature is equal to three-quarters of its 
value at A. 
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PROBLEM 11.150 

A projectile is fired from Point A with an 
initial velocity v 0 . (a) Show that the radius 
of curvature of the trajectory of the 
projectile reaches its minimum value at 
the highest Point B of the trajectory. 
(. b) Denoting by 6 the angle formed by 
the trajectory and the horizontal at a given 
Point C, show that the radius of curvature 
of the trajectory at C is p - # lnirl /cos 3 0. 


SOLUTION 

For the arbitrary Point C, we have 


or 


V 

(*c)»= — 
Pc 


Pc 



geos# 

Noting that the horizontal motion is uniform, we have 

(' v a) x =( v c)x 

where (v A ) x = v 0 cos a 

Then 

coset 


Oc)x = 'Vr c °s# 


v 0 cos a — v c cos 6 


or 


v c 


cos# 


so that 


Pc 


! 


geos# 


coset 
- 1 

cos# 


geos 3 # 


(a) In the expression for p c , v 0 , ct, and g are constants, so that p c is minimum where cos# is 
maximum. By observation, this occurs at Point B where # = 0. 

Vn cos 2 a ^ ^ ^ 

Pm in = P B = —- QED. 


(b) 


Pc - 


Pc 


! 


g 

( . .2-2 


cos 3 # 

#min 

cos 3 # 


Q.E.D. 
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PROBLEM 11.151* 


Determine the radius of curvature of the path described by the particle of Problem 11.95 when t — 0. 

PROBLEM 11.95 The three-dimensional motion of a particle is defined by the position vector 
r = (Rt cos co„t) i + c/j + (Ri sin co„t) k. Determine the magnitudes of the velocity and acceleration of the 
particle. (The space curve described by the particle is a conic helix.) 
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PROBLEM 11.152* 


Determine the radius of curvature of the path described by the particle of Problem 11.96 when / = 0, A- 3, 
and B = 1. 
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At t = 0: 

PROBLEM 11.152* (Continued) 

a = 3j + 2k 


or 

a = Vl3 ft/s 2 


Then, with 

*=0 

dt 

v 2 =9 (ft/s) 2 

-=o, 

dt 


we have 

y 

a- — 


or 

P 

9 ft 2 /s 2 
o — 

p = 2.50 ft ◄ 

Vl3 ft/s 2 
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PROBLEM 11.153 

A satellite will travel indefinitely in a circular orbit around a planet if the normal component of the 
acceleration of the satellite is equal to g(R/r) 2 , where g is the acceleration of gravity at the surface of the 
planet, R is the radius of the planet, and r is the distance from the center of the planet to the satellite. Knowing 
that the diameter of the sun is 1.39 Gm and that the acceleration of gravity at its surface is 274 m/s 2 , 
determine the radius of the orbit of the indicated planet around the sun assuming that the orbit is circular. 

Earth: (A mean ) orblt = 107 Mm/h. 
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PROBLEM 11.154 

A satellite will travel indefinitely in a circular orbit around a planet if the normal component of the 
acceleration of the satellite is equal to g(R/r) 2 , where g is the acceleration of gravity at the surface of the 
planet, R is the radius of the planet, and r is the distance from the center of the planet to the satellite. Knowing 
that the diameter of the sun is 1.39 Gm and that the acceleration of gravity at its surface is 274 m/s 2 , 
determine the radius of the orbit of the indicated planet around the sun assuming that the orbit is circular. 

Saturn: (t> mean ) orbit = 34.7 Mm/h. 


SOLUTION 



For the sun, 

g = 274 m/s 2 


and 

1 f 1 3 

R = —D = - (1.39 xlO 9 ) = 0.695 xl0 9 m 

2 y2 ) 


Given that a n = 

- .and that for a circular orbit: a n = — 

r z r 


Eliminating a n 

and solving for r, r - 'f 

V” 


For the planet Saturn, v = 34.7 x 10 6 m/h = 9.639 x 10 3 m/s 


Then, 

r= (274X0.695 x l0Y = 1425xl()12m 
(9.639 xlO 3 ) 2 

r = 1425 Gm ◄ 
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PROBLEM 11.155 

Determine the speed of a satellite relative to the indicated planet if the satellite is to travel indefinitely in a 
circular orbit 100 mi above the surface of the planet. (See information given in Problems 11.153-11.154). 

Venus: g = 29.20 ft/s 2 , R = 3761 mi. 


SOLUTION 

From Problems 11.153 and 11.154, 

For a circular orbit, 

Eliminating a n and solving for v, 




For Venus, 


Then, 


g = 29.20 ft/s 2 

R = 3761 mi = 19.858 x 10 6 ft. 
r = 3761 + 100 = 3861 mi = 20.386 x 10 6 ft 
?Q 

V = 19.858 x 10 6 , -—- jr = 23.766 x 10 3 ft/s 

V 20.386 x 10 6 


v = 16200 mi/h A 
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PROBLEM 11.156 

Determine the speed of a satellite relative to the indicated planet if the satellite is to travel indefinitely in a 
circular orbit 100 mi above the surface of the planet. (See information given in Problems 11.153-11.154). 

Mars: g = 12.17 ft/s 2 , R = 2102 mi. 
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PROBLEM 11.157 

Determine the speed of a satellite relative to the indicated planet if the satellite is to travel indefinitely in a 
circular orbit 100 mi above the surface of the planet. (See information given in Problems 11.153-11.154). 

Jupiter: g = 75.35ft/s 2 , R = 44,432 mi. 
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PROBLEM 11.158 

A satellite is traveling in a circular orbit around Mars at an altitude of 300 km. After the altitude of the satellite 
is adjusted, it is found that the time of one orbit has increased by 10 percent. Knowing that the radius of Mars 
is 3382 km, determine the new altitude of the satellite. (See information given in Problems 11.153-11.155.) 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


230 





PROBLEM 11.159 

Knowing that the radius of the earth is 6370 km, determine the time of one orbit of the Hubble Space 
Telescope, knowing that the telescope travels in a circular orbit 590 km above the surface of the earth. 
(See information given in Problems 11.153-11.155.) 
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PROBLEM 11.160 

Satellites A and B are traveling in the same plane in circular orbits around 
the earth at altitudes of 120 and 200 mi, respectively. If at t — 0 the 
satellites are aligned as shown and knowing that the radius of the earth is 
R - 3960 mi, determine when the satellites will next be radially aligned. 
(See information given in Problems 11.153-11.155.) 


SOLUTION 


We have 

a n=8— and 

r 

2 

V 

r 

Then 

d 2 2 

R v 

g — = — or 



r 2 r 

V r 

where 

r — R + h 


The circumference 5 of a circular orbit is 


equal to 

s = 2nr 



Assuming that the speeds of the satellites are constant, we have 

s = vT 


Substituting for s and v 


or 


2 7tr = 

t _2k r m _2 k (R + hf 2 

" R fg~ R \[§ 



Now h B > h A => (T) b > (T) a 

Next let time T c be the time at which the satellites are next radially aligned. Then, if in time T ( satellite B 
completes N orbits, satellite A must complete (N + 1) orbits. 

Thus, 


or 


T c = N(T) b =(N + 1 )(T) a 


N 


2n (R + h B ) V2 

7s~ 


= (N + 1) 


2k (R + h A ) m 

R Jg 
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PROBLEM 11.160 (Continued) 


or 


Then 


or 

Alternative solution 


N = 


(R + h A ) 


3/2 


(R + li B ) 3/2 —(R + h A ) 3/2 


1 


I 3960+200\ 3/2 
l 3960+120 I 


(R±K V _ I 
\ « + l>A ) 

- = 33.835 orbits 


T c -N(T) b =N 


2n (.R + h B ) 


3/2 


= 33.835 2 * "■ 


39M)„i, [32.2 ft/s 2 x- “ 


\ 1/2 3600s 


' 5280 ft , 


=51.2 h ◄ 


From above, we have (T) B > (T) A . Thus, when the satellites are next radially aligned, the angles 0 A and 0 B 
swept out by radial lines drawn to the satellites must differ by 2 n. That is, 


For a circular orbit 
From above 

Then 


0 a = 9 b + 2 n 


s - r6 


s - vt 



and 




(.R + h ) 3/2 


At time T c : 


(R + h A f 2 


T c = 


C R+hf 2 


T c + 2 7T 


T — 

2 n 

Rfs 

1 1 

JR + h A f 12 (R + h B ) v2 _ 


2 n 


(3960 mi) (32.2 ft/s 2 x 

1 

x i ~ 

[(3960 +120) mif /2 [(3960 + 200) mi] 3/2 

lh 

X 3600 s 

or T c =51.2 h A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


233 





PROBLEM 11.161 

The oscillation of rod OA about O is defined by the relation 9 = (3//r)(sin Tit), 
where 9 and t are expressed in radians and seconds, respectively. Collar B slides 
along the rod so that its distance from O is r = 6(1 - ) where r and t 

are expressed in inches and seconds, respectively. When t— Is, determine (a) the 
velocity of the collar, ( b ) the acceleration of the collar, (c) the acceleration of the 
collar relative to the rod. 


SOLUTION 


Calculate the derivatives with respect to time. 


r — 6-6e ’'in. 

r = 12e 2, in/s 
r = -24e _2, in/s 2 


9 = —sin;rf rad 
K 

9 = 3cos Kt rad/s 
9 = -3^sin^r rad/s 2 


At t — 1 s, 


r = 6-6e 2 =5.1880 in. 

r = \2e~ 2 =1.6240 in/s 
r = -2Ae~ 2 = -3.2480 in/s 2 


9 = — sin;r = 0 

K 

9 = 3cos Jt = —3 rad/s 


9 = -3;rsin;r = 0 


(a) Velocity of the collar . 

v = fe r + r9t e = 1.6240 e ( . + (5.1880)(-3)e* 


v = (1.624 in/s)e,. + (15.56 in/s)e e A 


(b) Acceleration of the collar . 

a = (f - r9 2 )e r + (r9 + 2r9)e e 

= [-3.2480 -(5.1880)(-3) 2 ]e r + (5.1880)(0) + (2)(1.6240)(-3)]e fl 


(-49.9 in/s 2 )e ( . +(-9.74 in/s 2 )e 0 ◄ 

(c) Acceleration of the collar relative to the rod . 

*bioa = > : e r a B/0A = (-3-25 in/s 2 )e r ◄ 
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A 


PROBLEM 11.162 

The rotation of rod OA about O is defined by the relation 0 = r - At, where 
9 and t are expressed in radians and seconds, respectively. Collar B slides along 
the rod so that its distance from O is r = 2.5/ 3 - 5 1 2 , where r and t are expressed 
in inches and seconds, respectively. When t— Is, determine (a) the velocity of the 
collar, ( b ) the acceleration of the collar, (c) the radius of curvature of the path of 
the collar. 


SOLUTION 

Calculate the derivatives with respect to time. 

r = 2.5 1 3 -5 1 2 9 = t 3 - At 

r = 1.5t 2 —10? 9 = 3t 2 -4 

r = \5t —10 9 — 6t 

At t — 1 s, 

r — 2.5 - 5 = -2.5 in. 9 = 1 — 4 = — 3 rad 

r = 7.5-10 = -2.5 in./s # = 3-4 = -lrad/s 

r = 15 -10 = 5 in./s 2 9- 6 rad/s 2 

(a) Velocity of the collar . 

v = re r + r9e 0 = -2.5e r + (—2.5)(—l)e e 

v = (-2.50 in./s)e r + (2.50 in./s)e e 4 

v = 7(2.50) 2 + (2.50) 2 = 3.5355 in./s 
Unit vector tangent to the path. 

e r = — = -0.7071 le ( . + 0.7071 le e 

V 

(b) Acceleration of the collar . 

a = (r - r9 2 )e r + (r9 + 2r9)e e 
= [5 - (—2.5)(—l) 2 ]e,. + [(-2.5X6) + (2)(-2.5)(-l)]e, 

a = (7.50 in/s 2 )e,. + (-10.00 in/s 2 )e e A 
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PROBLEM 11.164 

The two-dimensional motion of a particle is defined by the relations r — 2a cos 0 and Q = br/2, where a and b 
are constants. Determine (a) the magnitudes of the velocity and acceleration at any instant, (b) the radius of 
curvature of the path. What conclusion can you draw regarding the path of the particle? 
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PROBLEM 11.166 

The pin at B is free to slide along the circular slot DE and along the 
rotating rod OC. Assuming that the rod OC rotates at a constant rate 0, 
(a) show that the acceleration of pin B is of constant magnitude, 
(. b ) determine the direction of the acceleration of pin B. 
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PROBLEM 11.167 

To study the performance of a racecar, a high-speed camera is 
positioned at Point A. The camera is mounted on a mechanism 
which permits it to record the motion of the car as the car 
travels on straightway BC. Determine (a) the speed of the car 
in terms of b, 9, and 9, (b) the magnitude of the acceleration 
in terms of b, 9, 9. and 9. 


SOLUTION 

(a) We have 

Then 

We have 


•f. > 


cos 9 

b9 sin 9 
cos 2 9 

v 2 =v 2 r +vl=(r) 2 +(r9) 2 



b9 sin 9 


y COS 2 9 J 


+ 


-/i2 


b A 9 


cos 2 9 


sin"# 

cos 2 # 


' b9 
v cos 9 


+ 1 


b 2 9 2 
cos 4 9 


or 


v = ± 


be 

cos 2 9 


For the position of the car shown, 9 is decreasing; thus, the negative root is chosen. 
Alternative solution. 


v — — 


_b9_ 
cos 2 <9 


From the diagram 


or 


or 


r = —v sin 9 
b9 sin 9 


cos 2 9 


■ = —v sin 9 
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PROBLEM 11.167 (Continued) 


(, b ) For rectilinear motion 

Using the answer from Part a 


Then 


or 


dv 

a- — 
dt 

be 

cos 2 # 

d f bff ) 

a = — - 

dt 1 cos e 

#cos 2 #- #(-2# cos# sin#) 

^- 

a =- ^t—(6 + 26 2 tanf?) M 

cos 2 # 


Alternative solution 


From above 

Then 


Now 

where 


and 


Then 


b . h#sin# 

r =- r = --— 

cos# cos"# 

.. , (# sin # + # 2 cos #)(cos 2 #) - (# sin #)(—2# cos # sin #) 

r = o--- 

cos 4 # 

,r#sin# # 2 (l + sin 2 #) 

= b -^ + —--=-- 

COS"# COS' # 


2 2 2 
a =a,. +a n 


a,. = r — r# 2 = # 


#sin# + #_ 2 (l + sin 2 #) 


cos 2 # 


cos 2 # 


cos 2 # 


# sin # + 


2# 2 sin 2 #^ 

cos# 


b sin # - . • 2 

a r = --— (# + 2#” tan #) 

cos 2 # 


c/fl = r# + 2 r# = - 


bO „ be 1 sin # 


cos # 


- + 2 


cos 2 # 


#cos# . • 

--—(# + 2# tan #) 

cos 2 # 


bO 2 
cos # 


a = ± —V (<9 + 2# 2 tan #)[(sin #) 2 + (cos #) 2 ] 1/2 
cos"# 


For the position of the car shown, # is negative; for a to be positive, the negative root is chosen. 

a- -^—(# + 2# 2 tan#) 

cos 2 # 
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PROBLEM 11.168 

After taking off, a helicopter climbs in 
a straight line at a constant angle /i. Its 
flight is tracked by radar from Point A. 
Determine the speed of the helicopter 
in terms of d, /i, 6, and 0. 
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PROBLEM 11.169 (Continued) 


a r = a, cos 9 + a n sin 0 — 10 cos 36.87° + 40.425 sin 36.87° = 32.255 ft/s 2 
a e - -a, sin 9 + a n cos 9 - -10 sin 36.87°+ 40.425 cos 36.87° = 26.34 ft/s 2 
a r = r - r9 2 r = a r + r9 2 

r = 32.255 + (3000)(-0.0924) 2 r = 57.9 ft/s 2 ◄ 


a e = r9 + 2r9 

p_ a e lr0 

r r 

_ 26.34 (2)(369.6)(-0.0924) 

“ 3000 3000 


= 0.0315 rad/s 2 ◄ 
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PROBLEM 11.170 

Pin C is attached to rod BC and slides freely in the slot of rod OA 
which rotates at the constant rate (0. At the instant when /i = 60°, 
determine (a) r and 6. (b) r and 0. Express your answers in terms 
of d and a>. 
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PROBLEM 11.171 

For the racecar of Problem 11.167, it was found that it 
took 0.5 s for the car to travel from the position 6 = 60° to 
the position 6 = 35°. Knowing that b -25 m, determine 
the average speed of the car during the 0.5-s interval. 

PROBLEM 11.167 To study the performance of a racecar, 
a high-speed camera is positioned at Point A. The camera 
is mounted on a mechanism which permits it to record the 
motion of the car as the car travels on straightway BC. 
Determine (a) the speed of the car in terms of b, 0, and 
0, (b) the magnitude of the acceleration in terms of b, 6, 
0, and 6. 
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PROBLEM 11.172 

For the helicopter of Problem 11.168, it was found that when the helicopter was at B. the distance and the 
angle of elevation of the helicopter were r = 3000 ft and 9 = 20°, respectively. Four seconds later, the radar 
station sighted the helicopter at r — 3320 ft and 9 = 23.1 °. Determine the average speed and the angle of 
climb ft of the helicopter during the 4-s interval. 

PROBLEM 11.168 After taking off, a helicopter climbs in a straight line at a constant angle /i. Its flight is 
tracked by radar from Point A. Determine the speed of the helicopter in terms of d, (3, 9, and 9. 

/' 
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PROBLEM 11.174 


A particle moves along the spiral shown; determine the magnitude of the velocity 
of the particle in terms of b. 0, and 0. 



o { 
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PROBLEM 11.176 

A particle moves along the spiral shown. Knowing that 9 is constant and 
denoting this constant by co, determine the magnitude of the acceleration of 
the particle in terms of b, 9, and co. 


Logarithmic spiral r - e ,e 



SOLUTION 

Logarithmic spiral . r = e be 

' dr U Mb 
r = — -be 9 

dt 

r = be h0 9 + b 2 e b0 9 2 = be he (6 + bO 2 ) 

a r = r - rO 1 = be be (6 +b9 2 )- e he 9 2 
a 9 = r9 + 2 rd = e be 9 + 2(be he 9)9 

Since 9 -CO- constant, 9-9, and we write 

a r = be h0 (bco 2 )- e hB or = e h0 (b 2 -1 )co 2 
a g = 2 be 1 ’ 0 CO 2 

a = yja 2 + al = e h0 CO 2 yj(b 2 - 1) 2 + (2b) 2 
= e b0 co 2 v/h 4 - 2b 1 +l + 4£> 2 = e b0 co 2 ^b A + 2b 2 + l 
= e be CO 2 yl(b 2 + 1) 2 = e b0 co 2 (b 2 +1) 

a — (l + b 2 )C0 2 e be ^ 
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PROBLEM 11.178 

Show that r = htp sin # knowing that at the instant shown, step AB of 
the step exerciser is rotating counterclockwise at a constant rate (p. 


SOLUTION 


From the diagram 

r 2 — d 2 + h 2 - 2dhcos<ft 

Then 

2 rr = Idhtpswup 

Now 

r d 

sin (f> sin 6 

or 

d sin d) 

r — -— 

sin# 

Substituting for r in the expression for r 


f d sin. • 

- r = dh(/> sin (p 

\ sin# ) 

or 

i'-h^sinO Q.E.D 

Alternative solution. 


First note 

ct = 180°-(^+#) 


Now v = \ r + \ e = re,. + r9e e 

With B as the origin 

v P =d<p (d = constant => d - 0) 



◄ 
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PROBLEM 11.178 (Continued) 

With 0 as the origin 

(Vp)r = r 

where 

(v P ) r = Vp sum 

Then 

r — dtp sinct 

Now 

h d 

sin a sin 6 

or 

dsina- h sin 6 

substituting 

r = h(j) sin# Q.E.D. 
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PROBLEM 11.179 

The three-dimensional motion of a particle is defined by the relations R = A(l — e~‘), 9 — 2nt, and 
z — B (1 - e ~‘). Determine the magnitudes of the velocity and acceleration when (a) t = 0, (b) t = 


SOLUTION 

R = A(\-e~ t ) 0 = 2nt z = B( 

R = Ae~‘ 9-2n z = Be~‘ 

R = -Ae~‘ 9 = 0 z = ~Be~' 


Velocity (Eq. 11.49) 



(a) When 

v = Re R + R9e e + zk 
v = Ae~'e R + 2nA(l - e~' )e e + Be~'k 

t- 0: e~ r = e i] = 1; v = Ae s + 5k 

v = ^A 2 + B 2 4 

(. b ) When 

t - oo: e~' = e~°° =0 v = 2 xAe 0 

v=2nA 4 

Acceleration (Eq. 11.50) 

a = (R-R9 1 )e R +(R9 + 2R9)e ff + zk 
= [-Ae~‘ - A( 1 - e~')47T 2 ]e s + [0 + 2 Ae~' (2x)]e e 

- Be~‘k 

(a) When 

ii 

O 

II 

T 

o 

II 



a = -Ae R + 4 nAt e - B k 



a = ^A 2 + (An A) 2 + B 2 

a = f\ + \6n 2 )A 2 + B 2 4 

(, b ) When 

t - oo; e~' — e = 0 



a = -An 2 Ae R 

a-An 2 A 4 
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PROBLEM 11.180* 

For the conic helix of Problem 11.95, determine the angle that the osculating plane forms with the y axis. 

PROBLEM 11.95 The three-dimensional motion of a particle is defined by the position vector r = 
(Rt cos co„t )i + ctj + (Rt sin co,,t) k. Determine the magnitudes of the velocity and acceleration of the particle. 
(The space curve described by the particle is a conic helix.) 
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PROBLEM 11.181* 

Determine the direction of the binormal of the path described by the particle of Problem 11.96 when 

(a) t - 0, ( b) t- nil s. 


SOLUTION 



Given: 

r = (At cos t)i + ^A\lt 2 +1 jj + (Btsint)k 



r —ft, t — s; A- 3, B -1 


First note that t h is given by 

vxa 

h 1 v x a 1 


Now 

r = (3fcost)i + ^}f 2 +1 j j + (Ysinf)k 


Then 

dr 

v = — 
dt 



3 1 

= 3(cos t - 1 sin t)i + j + (sin t +1 cos t)k 

sjt 2 +1 


and 

a = — = 3(-sin?-sinf-?cos?)i + 3^ ? j 

dt r+l 



+ (cos t + cos t - 1 sin f )k 



3 

= -3(2 sin t +1 cos f)i H — -— j + (2 cos t - 1 sin t )k 

(r +1 y' 2 


(a) At t = 0: 

V = (3 ft/s)i 



a = (3 ft/s 2 ) j + (2 ft/s 2 )k 


Then 

vxa = 3ix(3j + 2k) 



= 3(-2j + 3k) 


and 

1 vxa 1 = 3^/(—2) 2 +(3) 2 = 3\/l3 


Then 

2 3 

cos 9 r = 0 cos 9, - — -7= cos 9 = —== 

y Vl3 z Vl3 


or 

9 X = 90° 9 y =123.7° 9 Z =33.7° 

◄ 
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PROBLEM 11.182 

The motion of a particle is defined by the relation x-21 3 -15/ 2 + 24f + 4, where x and t are expressed in 
meters and seconds, respectively. Determine (a) when the velocity is zero, ( b ) the position and the total 
distance traveled when the acceleration is zero. 


SOLUTION 

x-2t 3 -15r +24f + 4 

so v — —— — 6r - 30t + 24 

dt 

a = — = 12f-30 
dt 

(a) Times when v = 0 . 0 = 6/ 2 -30f + 24 = 6 (t 2 — 5f + 4) 

(t - 4)(f -1) = 0 

(h) Position and distance traveled when a — 0 . 

a = 12/ -30 = 0 t — 2.5 s 

so x 2 = 2(2.5) 3 -15(2.5) 2 + 24(2.5) + 4 

Final position 

For 0<f<ls, v>0. 

For 1 s < t < 2.5 s, v < 0. 

At t = 0, x Q = 4 m. 

At f = ls, x 1 = (2)(1) 3 - (15)(1) 2 + (24)(1) + 4 = 15 m 

Distance traveled over interval: Xj - x 0 = 11 m 
For 1 s < t < 2.5 s, v < 0 
Distance traveled over interval 

lx 2 - Xjl = 11.5-151 = 13.5 m 
Total distance: z/ = 11 + 13.5 


t - 1.00 s, t — 4.00 s A 


x- 1.50 m -4 


d = 24.5 m 4 
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PROBLEM 11.183 

A particle starting from rest at x — 1 m is accelerated so that its velocity doubles in magnitude between 
x— 2 m and x = 8 m. Knowing that the acceleration of the particle is defined by the relation a = k[x- (Alx)\. 
determine the values of the constants A and k if the particle has a velocity of 29 m/s when x = 16m. 
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a dii/s 2 ) | PROBLEM 11.184 

A particle moves in a straight line with the acceleration shown in 
the figure. Knowing that the particle starts from the origin with 
v 0 = -2 m/s, (a) construct the v—t and x—t curves for 0 < t < 18 
s, ( b ) determine the position and the velocity of the particle and the 
total distance traveled when t — 18 s. 
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PROBLEM 11.185 

The velocities of commuter trains A 
and B are as shown. Knowing that 
the speed of each train is constant 
and that B reaches the crossing 10 
min after A passed through the same 
crossing, determine (a) the relative 
velocity of B with respect to A, 
( b ) the distance between the fronts 
of the engines 3 min after A passed 
through the crossing. 
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C B 



E! 


A 

p>) 

id 


PROBLEM 11.186 

Slider block B starts from rest and moves to the right with a constant 
acceleration of 1 ft/s 2 . Determine (a) the relative acceleration of 
portion C of the cable with respect to slider block A, (b) the velocity 
of portion C of the cable after 2 s. 


SOLUTION 



/A 


Let d be the distance between the left and right supports. 
Constraint of entire cable: x B + (x B - x A ) + 2 (d - x A ) — constant 
2v b - 3v a = 0 and 2 a B - 3 a A = 0 

a A ~ ~ a B = y(l) = 0.667 ft/s 2 or a A = 0.667 ft/s 2 

Constraint of Point C: 2 (d - x A ) + y aA = constant 

-2v a + v c/A = 0 and - 2 a A + a CIA = 0 

(a) a c/A - 2a A - 2(0.667) = 1.333 ft/s 2 


a c/A = 1.333 ft/s 2 ^ -4 


Velocity vectors after 2s: v A = (0.667)(2) = 1.333 ft/s 
v c/A = (1.333)(2) = 2.666 ft/s 


V C = + V C /A 


Sketch the vector addition. 

vl = v\ + vl, A = (1.333) 2 + (2.666) 2 = 8.8889(ft/s) 2 


v c = 2.981 ft/s 


tan 6 = 


V C!A 


2.666 

1.333 


= 2, 9 = 63.4° 


(b) 


\ r = 2.98 ft/s 63.4° ◄ 
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W HI 

B 

a Z3 




PROBLEM 11.187 

Collar A starts from rest at t — 0 and moves downward with a constant 
acceleration of 7 in./s 2 . Collar B moves upward with a constant acceleration, 
and its initial velocity is 8 in./s. Knowing that collar B moves through 20 in. 
between t — 0 and t = 2 s, determine (a) the accelerations of collar B and 
block C, ( b ) the time at which the velocity of block C is zero, (c) the distance 
through which block C will have moved at that time. 


SOLUTION 

From the diagram 

-y A +(>’c - y A ) + 2 y c +(yc~ >'«) = constant 

— 2v a - v B + 4v c =0 (1) 

-2 a A - a B + 4a c = 0 (2) 

(v A ) 0 =0 
(a A ) = 7 in./s 2 , 

(v B ) 0 =8 in./s | 
a B = constant * 

>’ — (^zf lo = 20 in. | 

1 2 

(a) We have y B = (y B ) 0 +(v B ) 0 t + -a B t 

1 9 

At t- 2 s: -20 in. = (-8 in./s)(2 s) + —a B (2 s) 2 

a B = -4 in./s 2 or a B = 2 in./s 2 M 

Then, substituting into Eq. (2) 

-2(7 in./s 2 ) - (-2 in./s 2 ) + 4n c = 0 

n c =3in./s 2 or a c = 3 in./s 2 , M 


1 y A 


A Z3 


Then 

% 

and 

B 

y c Given: 


I s ) (*] ) 

r ci I 


At t- 2 s 
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PROBLEM 11.188 


A golfer hits a ball with an initial velocity of magnitude v 0 at an 
angle a with the horizontal. Knowing that the ball must clear the 
tops of two trees and land as close as possible to the flag, 
determine v 0 and the distance d when the golfer uses (a) a six-iron 
with a - 31°, (b) a five-iron with a = 21°. 
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PROBLEM 11.188 (Continued) 


s 

s 

II 

to 

-o 

o 




By a similar calculation, 

t A = 0.81846 s. 

(v 0 ) A = 41.138 m/s, 



t B = 2.7447 s, 

(v 0 ) B = 40.890 m/s, 



v 0 = 41.138 m/s 


v 0 = 41.1 m/s 4 


x c = 139.56 m, 


d = 29.6 m 4 
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PROBLEM 11.189 

As the truck shown begins to back up with a constant acceleration 
of 4 ft/s 2 , the outer section B of its boom starts to retract with a 
constant acceleration of 1.6 ft/s 2 relative to the truck. Determine 
(a) the acceleration of section B, (b ) the velocity of section B 
when t - 2 s. 
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PROBLEM 11.190 



A motorist traveling along a straight portion of a 
highway is decreasing the speed of his automobile at 
a constant rate before exiting from the highway onto a 
circular exit ramp with a radius of 560-ft. He continues 
to decelerate at the same constant rate so that 10 s after 
entering the ramp, his speed has decreased to 20 mi/h, 
a speed which he then maintains. Knowing that at this 
constant speed the total acceleration of the automobile 
is equal to one-quarter of its value prior to entering the 
ramp, determine the maximum value of the total 
acceleration of the automobile. 


SOLUTION 

First note 


v 10 = 20 mi/h = ft/s 


While the car is on the straight portion of the highway. 

a ~ ^straight — a t 

and for the circular exit ramp 

a = faf 


2 2 
’ +a : 


where 


a„ = ■ 


P 


By observation, a max occurs when v is maximum, which is at t - 0 when the car first enters the ramp. 
For uniformly decelerated motion 


and at t - 10 s: 


v = constant => a - a„ = 


no 

P 


a — —a„ 


Then 


or 


1 _ vf 0 _ (f ft/s ) 2 


astraight a '^4 a ' p 560 ft 


a =-6.1460 ft/s 2 


(The car is decelerating; hence the minus sign.) 
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PROBLEM 11.191 

Sand is discharged at A from a conveyor belt and falls onto 
the top of a stockpile at B. Knowing that the conveyor belt 
forms an angle a = 25° with the horizontal, determine (a) the 
speed v 0 of the belt, (b) the radius of curvature of the 
trajectory described by the sand at Point B. 


SOLUTION 



The motion is projectile motion. Place the origin at Point A. Then x 0 = 0 and y 0 = 0. 


The coordinates of Point B are 

x B = 30 ft and y B = -18 ft. 


Horizontal motion: 

v v = v 0 cos 25° 

(1) 



x-v 0 t cos 25° 

(2) 

Vertical motion: 

v y = v 0 sin 25° - gt 

(3) 



1 9 

y = v 0 t sin 25° - — gt 

(4) 

At Point B, Eq. (2) gives 





Xb = 30 =33.101 ft 

08 cos 25° cos 25° 


Substituting into Eq. (4), 





-18 = (33.10l)(sin 25°) - - (32.2)f * 

2 




t B - 1.40958 s 


(a) Speed of the belt. 

V* = 33.101 =23483 
t B 1.40958 





v 0 = 23.4 ft/s ◄ 

Eqs. (1) and (3) give 




ai.'iw 

v x =23.483cos25° = 21.283 ft/s 



\? 1 

Vy = (23.483) sin 25° - (32.2X1.40958) = -35.464 ft/s 



\ I 

tan 0—^ = 1.66632 6> = 59.03° 



\ i 

v = 41.36 ft/s 


> 

V 

r_3l 
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PROBLEM 11.191 (Continued) 


Components of acceleration. 

a = 32.2 ft/s 2 , a, - 32.2 sin# 



a n — 32.2cos# = 32.2cos59.03° = 16.57 ft/s 2 


(b) Radius of curvature at B. 

y 2 

°n = — 

P 



v 2 (4 1.36) 2 

p = — =- 

a„ 16.57 

p = 103.2 ft ◄ 
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PROBLEM 11.192 


,<;? B 


The end Point B of a boom is originally 5 m from fixed Point A 
when the driver starts to retract the boom with a constant radial 
acceleration of r = —1.0 m/s 2 and lower it with a constant 
angular acceleration 0 = -0.5 rad/s 2 . At t- 2 s, determine 
( a ) the velocity of Point B, (b) the acceleration of Point B, 
(c) the radius of curvature of the path. 
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PROBLEM 11.192 (Continued) 


Direction of velocity . 


v _ -2e r - 3e e _ 


' v 3.6055 
9 + a- 2.70 + 56.31° = 59.01 c 


= -0.55470e,. -0.83205e fi 


v d = 3.61 m/s 7^59.0° ◄ 


( b ) Acceleration of Point B at t — 2 s . 


a B = (r - rO 1 )e,. + (rO + 2 r9)e e 

= [-1.0- (3)(-l) 2 ]e r + [(3)(—0.5) + (2)(-1.0)(-0.5)]e* 

a B = (-4.00 m/s 2 )e r + (2.50 m/s 2 )e e -4 


tan jB = — = - -0.625 y9 = -32.00° 

a,. -4.00 

a = Ja; + = 7(-4) 2 + (2.5) 2 = 4.7170 m/s 2 

6> + /3 = 2.70° - 32.00° = -29.30° 


a B = 4.72 m/s 2 ^29.3° ◄ 


Tangential component : a f = (a e f )e, 

a, = (-4e r +2.5e e ) • (-0.55470e ( . - 0.83205e e )e, 

= [(-4)(-0.55470) + (2.5)(-0.83205)]e, 

= (0.138675 m/s 2 )e f =0.1389 m/s 2 7^59.0° 

Normal component : a n = a - a, 

a„ = -4e,. + 2.5e e - (0.138675)(-0.55470e,. - 0.83205e e ) 
= (-3.9231 m/s 2 )e,. +(2.6154 m/s 2 )e e 

a n = ^(3.9231) 2 + (2.6154) 2 = 4.7149 m/s 2 


(c) 


Radius of curvature of the path . 


v 2 _ (3.6055 m/s) 2 
a n 4.7149 m/s 


p =2.76 m -4 
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PROBLEM 11.193 

A telemetry system is used to quantify kinematic values 
of a ski jumper immediately before she leaves the ramp. 
According to the system r = 500 ft, r — —105 ft/s, 
i = -10 ft/s 2 , 0 = 25°, 0 = 0.07 rad/s, 0 = 0.06 rad/s 2 . 
Determine (a) the velocity of the skier immediately before 
she leaves the jump, ( b ) the acceleration of the skier at 
this instant, (c) the distance of the jump d neglecting lift 
and air resistance. 


SOLUTION 


(a) Velocity of the skier. 0 = 500 ft, 0- 25°) 


v = v,e, + v e e e = re,. + r0e e 


= (-105 ft/s)e ( . +(500 ft)(0.07 rad/sje* 


v = (-105 ft/s)e r + (35 ft/s)e e -4 

Direction of velocity: 


^ 1 

i 

XssT t/s 

srZ'' 

cA \ 


2S 

^ JL> 

A—• 



v = (-105 cos 25° -35cos65°)i + (35 sin 65° 

-105 sin 25°)j 

= (-109.95 ft/s)i + (-12.654 ft/s)j 


v y -12.654 

tan a- — - - a- 6.565 

v x -109.95 


v = f l05) 2 + (35) 2 = 110.68 ft/s 

v = 110.7 ft/s ^6.57° ◄ 
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PROBLEM 11.193 (Continued) 


( b ) Acceleration of the skier . 

a = a r e r + a e t e =(r- rO 2 )e,. + {id + 2 i-d)e e 
a r = -10 - (500)(0.07) 2 =-12.45 ft/s 2 
a g = (500)(0.06) + (2)(—105)(0.07) = 15.30 ft/s 2 


a = (-12.45 ft/s 2 )e r + (15.30 ft/s 2 )e e ◄ 


a = (-12.45)(icos 25° +jsin 25°) + (15.30)(-icos65° +jsin 65°) 
= (-17.750 ft/s 2 )i +(8.6049 ft/s 2 )j 


„ a 8.6049 

tan B = — =- 

a r -17.750 


P = -25.9° 


a = -y/(12.45) 2 + (15.30) 2 = 19.725 ft/s 2 


ci — 19.73 ft/s 2 7’25.9° ◄ 

(c) Distance of the jump d . 

Projectile motion. Place the origin of the xy-coordinate system at the end of the ramp with the 
x-coordinate horizontal and positive to the left and the y-coordinate vertical and positive downward. 

Horizontal motion: (Uniform motion) 

*q =° 

x 0 = 109.95 ft/s (from Part a) 
x-x 0 +x 0 t- 109.95r 


Vertical motion: (Uniformly accelerated motion) 

y 0 = ° 

y 0 = 12.654 ft/s (from Part a) 
y = 32.2 ft/s 2 

y = y 0 + y 0 t + ^- yt 2 = 12.654f -16.It 2 

At the landing point, 

x-d cos30° (1) 

y = 10 + Jsin 30° or y -10 = X sin 30° (2) 
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PROBLEM 11.193 (Continued) 

Multiply Eq. (1) by sin 30° and Eq. (2) by cos 30° and subtract 

x sin 30° - -10) cos 30° = 0 
(109.950 sin 30° - (12.654* + 16. If 2 -10) cos 30° = 0 
—13.943? 2 + 44.016* + 8.6603 = 0 
t = -0.1858 s and 3.3427 s 

Reject the negative root. 

x = (109.95 ft/s)(3.3427 s) = 367.53 ft 

d = —-— d = 424 ft ◄ 

cos 30° 
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CHAPTER 12 







'O 


PROBLEM 12.CQ1 

A 1000 lb boulder B is resting on a 200 lb platform A when truck C 
accelerates to the left with a constant acceleration. Which of the 
following statements are true (more than one may be true)? 

< V 

— (A 

(a) The tension in the cord connected to the truck is 200 lb 


A 

( b) The tension in the cord connected to the truck is 1200 lb 


,/s\ 

(c) The tension in the cord connected to the truck is greater than 1200 lb 



( d ) The normal force between A and B is 1000 lb 



(e) The normal force between A and B is 1200 lb 

(/) None of the above 


SOLUTION 

Answer: (c) The tension will be greater than 1200 lb and the normal force will be greater than 1000 lb. 
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SOLUTION 

Answer: ( d) The particle will have velocity components along the tube and perpendicular to the tube. After it 
leaves, it will travel in a straight line. 
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PROBLEM 12.CQ3 



The two systems shown start from rest. On the left, two 40 lb weights 
are connected by an inextensible cord, and on the right, a constant 
40 lb force pulls on the cord. Neglecting all frictional forces, which 
of the following statements is true? 

(a) Blocks A and C will have the same acceleration 

(b) Block C will have a larger acceleration than block A 

(c) Block A will have a larger acceleration than block C 

( d ) Block A will not move 
(i e ) None of the above 


SOLUTION 

Answer: (b) If you draw a FBD of B, you will see that since it is accelerating downward, the tension in the 
cable will be less than 40 lb, so the acceleration of A will be less than the acceleration of C. Also, the system 
on the left has more inertia, so it is harder to accelerate than the system on the right. 
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PROBLEM 12.CQ4 

B 

The system shown is released from rest in the position shown. Neglecting 


friction, the normal force between block A and the ground is 

A 

(a) less than the weight of A plus the weight of B 


(b) equal to the weight of A plus the weight of B 

(c) greater than the weight of A plus the weight of B 


SOLUTION 

Answer: (a) Since B has an acceleration component downward the normal force between A and the ground 
will be less than the sum of the weights. 
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PROBLEM 12.CQ5 

People sit on a Ferris wheel at Points A, B, C and D. The Ferris wheel 
travels at a constant angular velocity. At the instant shown, which 
person experiences the largest force from his or her chair (back and 
seat)? Assume you can neglect the size of the chairs, that is, the people 
are located the same distance from the axis of rotation. 

(a) A 

(b) B 

(c) C 
(,d) D 

(e) The force is the same for all the passengers. 


SOLUTION 

Answer: (c) Draw a FBD and KD at each location and it will be clear that the maximum force will be 
experiences by the person at Point C. 
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PROBLEM 12.FI 

Crate A is gently placed with zero initial velocity onto a moving 
conveyor belt. The coefficient of kinetic friction between the crate and 
the belt is ju k . Draw the FBD and KD for A immediately after it contacts 
the belt. 


SOLUTION 

Answer: 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


290 





PROBLEM 12.F2 



Two blocks weighing W A and W H are at rest on a conveyor that is initially at 
rest. The belt is suddenly started in an upward direction so that slipping 
occurs between the belt and the boxes. Assuming the coefficient of friction 
between the boxes and the belt is //*, draw the FBDs and KDs for blocks 
A and B. How would you determine if A and B remain in contact? 
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PROBLEM 12.F3 

Objects A, B, and C have masses m A , m B , and m c respectively. The 
coefficient of kinetic friction between A and B is / 4 , and the 
friction between A and the ground is negligible and the pulleys are 
massless and frictionless. Assuming B slides on A draw the FBD 

and KD for each of the three masses A, B and C. 

q 


SOLUTION 

Answer: 
Block A 





™ag 

r 

B ' 




»» A 


* n b tv* 

Block C 


T 
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PROBLEM 12.F4 

B 

Blocks A and B have masses m A and m B respectively. Neglecting friction 
between all surfaces, draw the FBD and KD for each mass. 

A 
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System 2 



PROBLEM 12.F5 

Blocks A and B have masses m A and m B respectively. Neglecting friction 
between all surfaces, draw the FBD and KD for the two systems shown. 


SOLUTION 

System 1 
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PROBLEM 12.F6 

A pilot of mass m flies a jet in a half vertical loop of radius R so that the 
speed of the jet, v, remains constant. Draw a FBD and KD of the pilot at 
Points A, B and C. 


SOLUTION 




Point B 
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PROBLEM 12.F8 

A collar of mass m is attached to a spring and slides without friction 
along a circular rod in a vertical plane. The spring has an undeformed 
length of 5 in. and a constant k. Knowing that the collar has a speed v 
at Point B, draw the FBD and KD of the collar at this point. 


SOLUTION 


m — 



mg 


j 

22.62° 



ma f 1 

■ n 

zl 



N 




where x — 7/12 ft and r— 5/12 ft. 
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PROBLEM 12.1 

Astronauts who landed on the moon during the Apollo 15,16 and 17 missions brought back a large collection 
of rocks to the earth. Knowing the rocks weighed 139 lb when they were on the moon, determine (a) the 
weight of the rocks on the earth, ( b ) the mass of the rocks in slugs. The acceleration due to gravity on the 
moon is 5.30 ft/s 2 . 


SOLUTION 


Since the rocks weighed 139 lb on the moon, their mass is 


W 13Q1h 

m = moon = = 26.226 lb • s 2 /ft 

& moon 5.30 ft/s 2 


(a) On the earth, W earth = mg earth 


w = (26.226 lb • s 2 /ft)(32.2 ft/s 2 ) 

w = 844 lb ◄ 

( b ) Since 1 slug = 1 lb • s 2 /ft. 

m — 26.2 slugs A 
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PROBLEM 12.2 

The value of g at any latitude <f> may be obtained from the formula 

g = 32.09(1 + 0.0053 sin V) ft/s 2 

which takes into account the effect of the rotation of the earth, as well as the fact that the earth is not truly 
spherical. Determine to four significant figures ( a ) the weight in pounds, (b) the mass in pounds, (c) the mass 
in lb - s 2 /ft, at the latitudes of 0°, 45°, and 60°, of a silver bar, the mass of which has been officially designated 
as 5 lb. 


SOLUTION 







g = 32.09(1 + 0.0053 sin 2 ^) ft/s 2 




O 

O 

II 

g = 32.09 ft/s 2 




(p = 45°: 

g = 32.175 ft/s 2 




II 

o 

o 

g = 32.26 ft/s 2 


(a) 

Weight: 

W = mg 





O 

O 

II 

W = (0.1554 lb • s 2 /ft)(32.09 ft/s 2 ) = 4.987 lb 

◄ 



o’ ’ 
i n 

II 

W = (0.1554 lb • s 2 /ft)(32.175 ft/s 2 ) = 5.000 lb 

◄ 



II 

o 

o 

W = (0.1554 lb • s 2 /ft)(32.26 ft/s 2 ) =5.013 lb 

◄ 

(b) 

Mass: At all latitudes: 



m = 5.000 lb ◄ 

(c) 

or 

m = 

5.00 lb 

0.1554 lb • s 2 /ft ◄ 

32.175 ft/s 2 
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PROBLEM 12.3 

A 400-kg satellite has been placed in a circular orbit 1500 km above the surface of the earth. The acceleration 
of gravity at this elevation is 6.43 m/s 2 . Determine the linear momentum of the satellite, knowing that its 
orbital speed is 25.6 xlO 3 km/h. 


SOLUTION 

Mass of satellite is independent of gravity: m = 400 kg 


v = 25.6xl0 3 km/h 


= (25.6 xlO 6 m/h) 


lh 


3600 s 


= 7.111x10 m/s 


L = mv = (400 kg)(7.111x 10 3 m/s) 


L = 2.84xl0 6 kg • m/s ◄ 
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PROBLEM 12.4 (Continued) 


But 

and 

so that 

and 


F = W 

W TT W 


F =W 

p p 


W u . = W n 


r a > 
1 +- 
v s; 

V 8 ) 


Wp _ 66.81 
8 ~ 9.81 


. = 6.81 kg ◄ 
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PROBLEM 12.5 

In anticipation of a long 7° upgrade, a bus driver accelerates at a constant rate of 3 ft/s 2 while still on a level 
section of the highway. Knowing that the speed of the bus is 60 mi/h as it begins to climb the grade and that 
the driver does not change the setting of his throttle or shift gears, determine the distance traveled by the bus 
up the grade when its speed has decreased to 50 mi/h. 
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PROBLEM 12.6 


A hockey player hits a puck so that it comes to rest 10 s after sliding 100 ft on the ice. Determine ( a ) the 
initial velocity of the puck, ( b ) the coefficient of friction between the puck and the ice. 
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/it 


PROBLEM 12.7 



The acceleration of a package sliding at Point A is 3 m/s 2 . 


B 

Assuming that the coefficient of kinetic friction is the same 
for each section, determine the acceleration of the package 
at Point B. 


15 s '"-— 

- 
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PROBLEM 12.8 

Determine the maximum theoretical speed that may be achieved over a distance of 60 m by a car starting from 
rest, knowing that the coefficient of static friction is 0.80 between the tires and the pavement and that 60 percent 
of the weight of the car is distributed over its front wheels and 40 percent over its rear wheels. Assume 
( a ) four-wheel drive, ( b ) front-wheel drive, (c) rear-wheel drive. 
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PROBLEM 12.9 

If an automobile’s braking distance from 90 km/h is 45 m on level pavement, determine the automobile’s 
braking distance from 90 km/h when it is (a) going up a 5° incline, (b) going down a 3-percent incline. 
Assume the braking force is independent of grade. 
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PROBLEM 12.10 

A mother and her child are skiing together, and the 
mother is holding the end of a rope tied to the child’s 
waist. They are moving at a speed of 7.2 km/h on a 
gently sloping portion of the ski slope when the mother 
observes that they are approaching a steep descent. She 
pulls on the rope with an average force of 7 N. Knowing 
the coefficient of friction between the child and the 
ground is 0.1 and the angle of the rope does not change, 
determine ( a ) the time required for the child’s speed to 
be cut in half, ( b ) the distance traveled in this time. 
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PROBLEM 12.10 (Continued) 


(a) Time elapsed. 

(b) Corresponding distance. 


x — x 0 + v 0 f H —at 


= 0 + (2 m/s)(2.2159 s) + ^(-0.45128 m/s 2 )(2.2159 s) 2 


t = 2.22 s ◄ 


x = 3.32 m A 
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PROBLEM 12.11 

The coefficients of friction between the load and the flat-bed 
trailer shown are ju s = 0.40 and ju k - 0.30. Knowing that the 
speed of the rig is 72 km/h, determine the shortest distance in 
which the rig can be brought to a stop if the load is not to shift. 


SOLUTION 

,tv 

Load: We assume that sliding of load relative to trailer is impending: 

F = F m 

r~7~]= r~=K 

=m s n 


Deceleration of load is same as deceleration of trailer, which is the maximum allowable deceleration a max . 

ii 

i? 

o 

ii 

Bs 

i 

is 

o 

ii 

tT 

w 

*+" 


F m - M s N = 0.40 W 


±~ZF x = ma: F m =rna max 


0.40 W = —a max a max = 3.924 m/s 2 

g 

a max = 3-92 m/s 2 — 

Uniformly accelerated motion. 


v 2 = Vq + 2 ax with v = 0 

v 0 = 72 km/h = 20 m/s 

a = -a max = 3.924 m/s 2 

0 = (20) 2 + 2(-3.924)x 

x = 51.0 m -4 
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PROBLEM 12.12 


A light train made up of two cars is traveling at 90 km/h when the 
brakes are applied to both cars. Knowing that car A has a mass of 25 
Mg and car B a mass of 20 Mg, and that the braking force is 30 kN 
on each car, determine (a) the distance traveled by the train before it 
comes to a stop, ( b ) the force in the coupling between the cars while 
the train is showing down. 
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PROBLEM 12.13 

The two blocks shown are originally at rest. Neglecting the 
masses of the pulleys and the effect of friction in the pulleys 
and between block A and the incline, determine (a) the 
acceleration of each block, (b) the tension in the cable. 
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PROBLEM 12.14 



Solve Problem 12.13, assuming that the coefficients of 
friction between block A and the incline are jU s = 0.25 and 
ju k = 0.20. 

PROBLEM 12.13 The two blocks shown are originally at 
rest. Neglecting the masses of the pulleys and the effect of 
friction in the pulleys and between block A and the incline, 
determine (a) the acceleration of each block, (b) the tension 
in the cable. 
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PROBLEM 12.15 



200 lb 200 lb 2200 lb 


(1) (2) (3) 


Each of the systems shown is initially at rest. 
Neglecting axle friction and the masses of the pulleys, 
determine for each system (a) the acceleration of 
block A, ( b ) the velocity of block A after it has 
moved through 10 ft, (c) the time required for block 
A to reach a velocity of 20 ft/s. 
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PROBLEM 12.15 (Continued) 


(a) 

Acceleration of block A. 



System (1): 

W A = 200 lb, W B = 100 lb, P = 0 



By formula (1), 

, , 200-100 

(a A \ = -(32.2) 

A 1 200 + 100 

(a A )j =10.73 ft/s 2 !◄ 


System (2): 

= 200 lb, W B = 0, P = 50 lb 



By formula (1), 

, , 200-100 

(u,) 9 = -(32.2) 

A 2 200 

(a A ) 2 =16.10 ft/s 2 (◄ 


System (3): 

W A = 2200 lb, W B =2100 lb, P = 0 



By formula (1), 

, , 2200-2100 

(a A ) 3 = -(32.2) 

A 3 2200+2100 

(a A ) 3 =0.749 ft/s 2 { ◄ 

(b) 

O 

1 

= 10 ft. Use formula (2). 



System (1): 

(v a )i = V(2)(10.73)(10) 

(v A ), = 14.65 ft/s , 4 


System (2): 

(v A ) 2 =V(2)(16-10)(10) 

(v A ) 2 =17.94 ft/s , ◄ 


System (3): 

(v A ) 3 = 7(2X0749X10) 

(v A ) 3 = 3.87 ft/s , ◄ 

(c) 

Time at v A — 20 ft/s. Use fonuula (3). 



System (1): 

o l> 

CN o 

II 

fj =1.864 s A 


System (2): 

20 

G — 

16.10 

t 2 =1.242 s ◄ 


System (3): 

20 

u =- 

3 0.749 

t 3 = 26.7 s A 
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801b 



PROBLEM 12.16 

Boxes A and B are at rest on a conveyor belt that is initially at 
rest. The belt is suddenly started in an upward direction so 
that slipping occurs between the belt and the boxes. Knowing 
that the coefficients of kinetic friction between the belt and 
the boxes are (p k ) A =0.30 and (jU k ) B =0.32, determine the 
initial acceleration of each box. 
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PROBLEM 12.16 (Continued) 

Note: If it is assumed that the boxes remain in contact (N AB ^ 0), then assuming N AB to be compression, 

a A = a B and find (ZF X = ma) for each box. 

W 

A: 0.3W a cos 15° - Vl^ sin 15° - N AB = -^-a 

8 

w 

B: 0.32W B cos 15°-Wg sin 15° + N AB =——a 

8 

Solving yields a = 1.273 ft/s 2 and N AB = -0.859 lb, which contradicts the assumption. 
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PROBLEM 12.17 

A 5000-lb truck is being used to lift a 1000 lb boulder B that 
is on a 200 lb pallet A. Knowing the acceleration of the truck 
is 1 ft/s 2 , determine ( a ) the horizontal force between the tires 
and the ground, ( b ) the force between the boulder and the 
pallet. 
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SOLUTION 

(a) Kinematics of the belt. v Q = 0 

1. Acceleration phase with a, = 2 m/s 2 —- 

v, = v a +a l t l = 0+ (2)(1.3) = 2.6 m/s 

x 1 = x a + v 0 f, + = 0 + 0 + ^-(2)(1.3) 2 = 1.69 m 

2. Deceleration phase: v 2 = 0 since the belt stops. 


v 2 - v 2 = 2a 2 (x 2 - +!) 


a 2 = 


h h ~ 


2 2 

V 2 - V'j 


0 —( 2 . 6) 2 


2(x 2 -x 1 ) 2(2.2-1.69) 

v 2 - v l _ 0 - 2.6 


= -6.63 


-6.63 


- = 0.3923 s 


(b) Motion of the package. 


1. Acceleration phase. Assume no slip. (a p )[ = 2 m/s 2 —► 

ZF y = 0: N-W=0 or N = W = mg 
-i» = m(a p )j 

The required friction force is Fj. 

The available friction force is jU s N = 0.35VT = 0.35mg 

= (a X .<^ = M,8 = (0.35X9.81) = 3.43 m/s 2 
m m 

Since 2.0 m/s 2 < 3.43 m/s 2 , the package does not slip. 

(y p ), = Vj = 2.6 m/s and (x p ) 1 =1.69 m. 


a 2 = 6.63 m/s 2 -*— A 
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PROBLEM 12.20 (Continued) 


2. Deceleration phase. Assume no slip. ( a p ) 2 = -11.52 m/s’ 
£F V = ma : - Fj - m(a p ) 2 


F f 7 

— = (a ), = -6.63 m/s~ 
m ' ~ 


m 


Fs>n ^ = jU s g = 3.43 m/s 2 < 6.63 m/s 2 
m 


Since the available friction force fi s N is less than the required friction force F f for no slip, the 
package does slip. 

(a p ) 2 < 6.63 m/s 2 , F { = ju k N 
ZF X = m(a p ) 2 : -jU k N = m(a p ) 2 


(«r) 


MkN 


P J 2 




m 

-(0.25)(9.81) 


= -2.4525 m/s 2 


(v p ) 2 = (v p ) 1 + (a p ) 2 (t 2 -t 1 ) 

= 2.6 + (-2.4525X0.3923) 

= 1.638 m/s 2 

(x p ) 2 =(x p \+ (v p ), (t 2 - ) + - {ft p ) 2 (t 2 - h) 2 

= 1.69 + (2.6)(0.3923) + ^(-2.4525)(0.3923) 2 


= 2.521m 

Position of package relative to the belt 


(x p ) 2 -*2 =2.521 -2.2 = 0.321 


Xp/bcit = 0.321 m — ◄ 
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PROBLEM 12.21 

A 


A baggage conveyor is used to unload luggage from an airplane. 



The 10-kg duffel bag A is sitting on top of the 20-kg suitcase B. 



The conveyor is moving the bags down at a constant speed of 


A ~ 

0.5 m/s when the belt suddenly stops. Knowing that the coefficient 


(6) 

of friction between the belt and B is 0.3 and that bag A does not 

i • •. n i • .1 ii.ii ii rr • . r 

— “-“- sup on suitcase determine me smallest anowaoie coemcieni or 

static friction between the bags. 
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PROBLEM 12.21 (Continued) 


+/ ZF V = ma y : N AB - m A g cos 20° = 0 

N ab = m a g sin 20° = (10)(9.81)cos20° = 92.184 N 

+ \ ZF X =ma x : M A g sin20° - F AB =m A a 

F ab = m A (g sin 20° - a) = (10)(9.8 lsin 20° - 0.58972) 

= 27.655 N 

Since bag A does not slide on suitcase B, 

H, > = 2? ' 655 - 0.300 u > 0.300 ◄ 

5 N ab 92.184 
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PROBLEM 12.22 



To unload a bound stack of plywood from a truck, the driver first tilts the 
bed of the truck and then accelerates from rest. Knowing that the 
coefficients of friction between the bottom sheet of plywood and the bed 
are ju s = 0.40 and ju k = 0.30, determine (a) the smallest acceleration of 
the truck which will cause the stack of plywood to slide, ( b ) the 
acceleration of the truck which causes corner A of the stack to reach the 
end of the bed in 0.9 s. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


332 





PROBLEM 12.22 (Continued) 

+/ 'LF X = 'Lma x : F 2 - W p sin 20° = m p a T cos 20° - m p a PIT 

F 2 = m P (g sin 20° + a T cos 20° - a PIT ) 

For sliding with friction F 2 = jU k N 2 = 0.30 N 2 

m P (g sin20° + a T cos20° - a P/T ) = 0.30 m P (g cos20° + a T sin20°) 

(0.30cos 20° - sin 20°)g + a P/T 
T cos20° + 0.30sin20° 

= (-0.05767X9.81) + (0.9594X4.94) 

= 4.17 a r =4.17 m/s 2 — ◄ 
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PROBLEM 12.23 

To transport a series of bundles of shingles 
A to a roof, a contractor uses a motor-driven 
lift consisting of a horizontal platform BC 
which rides on rails attached to the sides of a 
ladder. The lift starts from rest and initially 
moves with a constant acceleration a! as 
shown. The lift then decelerates at a constant 
rate a 2 and comes to rest at D, near the top of 
the ladder. Knowing that the coefficient of 
static friction between a bundle of shingles 
and the horizontal platform is 0.30, determine 
the largest allowable acceleration a! and the 
largest allowable deceleration a 2 if the bundle 
is not to slide on the platform. 


SOLUTION 

Acceleration a,: Impending slip. F 1 = JU S N 1 = 0.30/V, 

£F V = m A a : N X -W A = m A a l sin 65° 

N { - W A + m A a \ sin 65° 
= m A (g + a, sin 65°) 

+ » Y.F x = m A a x : F l = m A a x cos 65° 

Fi=M s N 

or m A a \ cos 65° = 0.30 m A (g + sin 65°) 

a 0-30 g 

Ch cos 65°-0.30 sin 65° 

= (1.990)(9.81) 

= 19.53 m/s 2 

Deceleration a 2 : Impending slip. F 2 = fl s N 2 = 0.30/V 2 
£F y = ma y \ N l - W A - -m A a 2 sin 65° 

N x =W a - m A a 2 sin 65° 

.+ ZF v = ma x : F 2 = m A a 2 cos 65° 

f 2 - 2 



a! = 19.53 m/s 2 ^65° ◄ 
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PROBLEM 12.23 (Continued) 


or 

m A a 2 cos 65° = 0.30 m A (g - a 2 cos 65°) 



0.30g 

2 cos 65°+ 0.30 sin 65° 

= (0.432)(9.81) 



= 4.24 m/s 2 

a 2 = 4.24 m/s 2 T 7 65° ◄ 
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PROBLEM 12.24 

An airplane has a mass of 25 Mg and its engines develop a total thrust of 40 kN during take-off. If the drag 
D exerted on the plane has a magnitude D- 2.25v 2 , where v is expressed in meters per second and D in 
newtons, and if the plane becomes airborne at a speed of 240 km/h, determine the length of runway required 
for the plane to take off. 


SOLUTION 

F = ma: 40xl0 3 N-2.25v 2 = (25xl0 3 kg)a 


Substituting 

a = v— : 40xl0 3 - 2.25 v 2 = (25xl0 3 ) v— 
dx dx 

[ X ' dx P ( 25x1 ° 3 ) v ^ v 

Jo A Jo 40xl0 3 -2.25v 2 

v 1fl 3 

X= [ln(40xl0 3 2.25v 2 )]q 

2(2.25) 



_ 25xl0 3 40xl0 3 

4.5 40xl0 3 - 2.25v 2 


For Vj = 240 km/h 

= 66.67 m/s 



25xl0 3 40xl0 3 ccc „ 

x =-In---- = 5.5561nl.333 

4.5 40xl0 3 - 2.25(66.67) 2 



= 1.5982xl0 3 m 

jcj = 1.598 km M 
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PROBLEM 12.25 

The propellers of a ship of weight W can produce a propulsive force Fo; they produce a force of the same 
magnitude but of opposite direction when the engines are reversed. Knowing that the ship was proceeding 
forward at its maximum speed Vo when the engines were put into reverse, determine the distance the ship 
travels before coming to a stop. Assume that the frictional resistance of the water varies directly with the 
square of the velocity. 
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PROBLEM 12.26 



A constant force P is applied to a piston and rod of total mass m to 
make them move in a cylinder filled with oil. As the piston moves, the 
oil is forced through orifices in the piston and exerts on the piston a 
force of magnitude kv in a direction opposite to the motion of the 
piston. Knowing that the piston starts from rest at t — 0 and x = 0, 
show that the equation relating x, v, and t, where x is the distance 
traveled by the piston and v is the speed of the piston, is linear in each 
of these variables. 
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PROBLEM 12.27 

A spring AB of constant k is attached to a support at A and to a 
collar of mass m. The unstretched length of the spring is t. 
Knowing that the collar is released from rest at x = x 0 and 
neglecting friction between the collar and the horizontal rod, 
determine the magnitude of the velocity of the collar as it 
passes through Point C. 


SOLUTION 


Choose the origin at Point C and let x be positive to the right. Then x is a position coordinate of the slider B 
and jc 0 is its initial value. Let L be the stretched length of the spring. Then, from the right triangle 

L = 2 + x 2 

The elongation of the spring is e-L-i, and the magnitude of the force exerted by the spring is 
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ABC 

T ' 


PROBLEM 12.28 

Block A has a mass of 10 kg, and blocks B and C have masses of 5 kg each. 
Knowing that the blocks are initially at rest and that B moves through 3 m in 
2 s, determine (a) the magnitude of the force P, (b) the tension in the cord 
AD. Neglect the masses of the pulleys and axle friction. 


SOLUTION 





Let the position coordinate y be positive downward. 

Constraint of cord AD: y A +y D - constant 

V A + V D ~ 0. a A + a D ~ 0 

Constraint of cord BC: (y B — y D ) + ( y c — y D ) = constant 

v B +v c - 2v d =0, a B +a c - 2 a D = 0 

Eliminate a D . 2a A + a H + a c - 0 (1) 

We have uniformly accelerated motion because all of the forces are 
constant. 

1 2 

.Lb = (ys)o + ( v b)o^ + y^ a B t * ( v b) 


r (2) 2 


Pulley D: 


+|SF v =0: 2T bc -T ad =0 


Block A: 

or 


^ad ~ 27 ' BC 


+| S F = ma y : - T AD = m A a A 


Wa T ad _ W A 2T bc 


(2) 
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PROBLEM 12.29 


A 40-lb sliding panel is supported by rollers at B and C. A 25-lb counterweight A is attached to a cable as 
shown and, in cases a and c, is initially in contact with a vertical edge of the panel. Neglecting friction, 
determine in each case shown the acceleration of the panel and the tension in the cord immediately after the 
system is released from rest. 


B c B c B c 



(«) (b) (c) 
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PROBLEM 12.29 (Continued) 


( b) Panel : 


T i- t- 


]f kOlL 


*£<l 


<±_ = 


ma : 


Counterweight A : 


+ 


(if, = 


ma: 


T 40 

1 =—a 


~ T 25 
25 - T = — a 


(i) 


(2) 


Adding (1) and (2): 


Substituting for a into (1): 


/ + 25 - / = 


40 + 25 
-< 

g 


A 

— 

if 

11 




25 

a- —g 
65 


T _ 40 25 'l 1000 
g 


v 65 8 ) 65 


IS lb 

a = 12.38 ft/s 2 -— ◄ 


T = 15.38 lb ◄ 


(c) Since panel is accelerated to the left, there is no force exerted by panel on counterweight and vice 
versa. 

Panel: A ^ 1 - 


S F. — ma: 


T 40 

1 = —a 


1 

T“ 

tfOtb 

1- 

MqT 


Counterweight A : Same free body as in Part ( b ): 


+ 


ilF v = 


ma: 


OS T 25 

25 — T = — a 
g 


( 1 ) 


(2) 


Since Eqs. (1) and (2) are the same as in ( b ), we get the same answers: 

a = 12.38 ft/s 2 -—; T = 15.38 lb ◄ 
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m) !*j 

v 


PROBLEM 12.30 

The coefficients of friction between blocks A and C and the 
horizontal surfaces are jU s = 0.24 and ju k = 0.20. Knowing 


that 


m 


= 5 kg, m B = 10 kg, and m c = 10 kg, determine 


(a) the tension in the cord, (h) the acceleration of each 
block. 


SOLUTION 



We first check that static equilibrium is not maintained: 

(F a )„, + (F c ) m = // s (m A + m c ) g 
= 0.24(5 + 10')g 
= 3.6 g 

Since W B - m B g - lOg > 3.6g, equilibrium is not maintained. 

Block A: EF V : N A = m A g 

f a = A = 0.2 m A g 

■±SFx = m A a A '■ T —0.2m A g = m A a A (1) 

Block C: XF v : N c =m c g 

F c =Mk N c =0-2 m c g 


. + ZF X — m c a c : T - 0.2 m c g - m c 

a c 

(2) 

Block B: +|ZF y = m B a B 



m B g -2F = m B a B 


(3) 

From kinematics: a B --^(a A 

+ &£ ) 

(4) 

(a) Tension in cord. Given data: 

W) 

M 

m 

II 

E 



m B - m c — 10 kg 


Eq.(l): F-0.2(5)g =5a A 

a A -0.2T — 0.2g 

(5) 

Eq. (2): F-0.2(10)g = 10o c 

a c - 0.1F — 0.2g 

(6) 

Eq. (3): 10g-2F = 10n B 

a B =g-0.2F 

(7) 
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PROBLEM 12.30 (Continued) 


Substitute into (4): 


g - 0.2 T = -(0.2 T - 0.2 g + 0. IT - 0.2 g) 

24 24 , 

1.2g = 0.35r T = — g =— (9.81 m/s 2 ) 


( b ) Substitute for T into (5), (7), and (6): 


a A = 0.2 


( 24 > 


V ' J 


-0.2g = 0.4857(9.81 m/s 2 ) 


24 

a B =g- 0.21 — g 1 = 0.3143(9.81 m/s z ) 


n c =0.1 


^24 > 


v ' J 


-0.2g = 0.14286(9.81 m/s 2 ) 


T = 33.6 N ◄ 


a A = 4.76 m/s 2 —*- A 
a B - 3.08 m/s 2 4 
a c =1.401 m/s 2 -— A 
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PROBLEM 12.31 

A 10-lb block B rests as shown on a 20-lb bracket A. The 
coefficients of friction are ju s = 0.30 and //,. = 0.25 between 
block B and bracket A, and there is no friction in the pulley or 
between the bracket and the horizontal surface, (a) Determine 
the maximum weight of block C if block B is not to slide on 
bracket A. (b) If the weight of block C is 10% larger than the 
answer found in a determine the accelerations of A, B and C. 


SOLUTION 

Kinematics . Let x A and x B be horizontal coordinates of A and B measured from a fixed vertical line to the 
left of A and B. Let y c be the distance that block C is below the pulley. Note that y c increases when C 
moves downward. See figure. 



The cable length L is fixed. 


Differentiating and noting that x P = 0, 


L = (x B - x A ) + (x P - x A )+ y c + constant 


V B ~ 2v A + % = 0 


-2a A +a B +a c = 0 


(1) 


Here, a A and a B are positive to the right, and a c is positive downward. 


Kinetics. Let The the tension in the cable and Fab be the friction force between blocks A and B. The free 
body diagrams are: 

Bracket A: 
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PROBLEM 12.31 (Continued) 


Substituting into Eq. (6), 


<W B ~W c )(W c g) 
W A +W B +W C 


= m,w b -w c 


Solving forW c , 


_ M S W B (W A + W B ) 
W a +2W b -m s W b 
_ (0.30)(10)(20 +10) 

~ 20+ (2)(10)-(0.30)(10) 


(b) 


W c increased by 10%. 
Since slip is occurring, 

Eq. (6) becomes 


W c = 2.6757 lbs 
Fah ~ Mk Nab ~ Mk W B 

W g W r TI , 

a B a C ~ Uk^B W C 


g g 

or 10 a B - 2.6757a c = [(0.25)(10) - 2.6757](32.2) 

With numerical data, Eq. (5) becomes 

20a A +l0a B +2.6757a c = (2.6757)(32.2) 
Solving Eqs. (1), (7), and (8) gives 

a A = 3.144 ft/s 2 , a B = 0.881 ft/s 2 , a c = 5.407 ft/s 2 


W c = 2.43 lbs ◄ 


(7) 

( 8 ) 

a A =3.14 ft/s 2 — ◄ 
a B =0.881 ft/s 2 —► ◄ 
a c =5.41 ft/s 2 { -4 
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225 N 




15 kg 7 

A 



25 kg 


PROBLEM 12.34 

The 15-kg block B is supported by the 25-kg block A and is 
attached to a cord to which a 225-N horizontal force is applied 
as shown. Neglecting friction, determine (a) the acceleration of 
block A, ( b ) the acceleration of block B relative to A. 
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PROBLEM 12.35 

Block B of mass 10-kg rests as shown on the upper surface of a 22-kg 
wedge A. Knowing that the system is released from rest and neglecting 
friction, determine ( a ) the acceleration of B, ( b ) the velocity of B 
relative to A at t — 0.5 s. 
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SOLUTION 



-€) 


Divide Eq(l)by Eq. (2): 


-i- HF x = ma: T AC sin 30° + T BC sin 45° = ?m 

P 

+| ZF V = 0: T ac cos 30° + T BC cos 45 °-mg = 0 

r AC cos 30° + r BC cos 45° = mg 

T ac sin30° + r BC sin 45° _ v 2 
r AC cos30° + r BC cos45° pg 


( 1 ) 

(2) 

( 3 ) 


When AC is slack, T AC = 0. 

Eq. (3) yields v 2 = pg tan45° = (1.6 m) (9.81 m/s 2 )tan45° = 15.696 m 2 /s 2 

Wire AC will remain taut if v < v,, that is, if v, = 3.96 m/s v< 3.96 m/s <] 

When BC is slack, T BC = 0. 

Eq. (3) yields v\ - pg tan30° = (1.6 m)(9.81 m/s 2 ) tan30° = 9.0621 m 2 /s 2 

Wire BC will remain taut if v > v 7 . that is, if v, = 3.01 m/s v > 3.01 m/s A 

Combining the results obtained, we conclude that both wires remain taut for 

3.01 m/s < v < 3.96 m/s A 
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PROBLEM 12.40 

Two wires AC and BC are tied at C to a sphere which revolves at a 
constant speed v in the horizontal circle shown. Determine the range 
of the allowable values of v if both wires are to remain taut and if the 
tension in either of the wires is not to exceed 60 N. 


SOLUTION 


From the solution of Problem 12.39, we find that both wires remain taut for 

3.01 m/s < v < 3.96 m/s <] 

To determine the values of v for which the tension in either wire will not exceed 60 N, we recall 

Eqs. (1) and (2) from Problem 12.39: 


2 

MV 

T ac sin 30° + T bc sin 45° = 

P 

CD 

T ac cos 30° + T bc cos 45° = mg 

(2) 

Subtract Eq. (1) from Eq. (2). Since sin 45° = cos 45°, we obtain 


2 

mv 

T ac (cos 30° - sin 30°) = mg - 

P 

(3) 

Multiply Eq. (1) by cos 30°, Eq. (2) by sin 30°, and subtract: 


2 

MV 

T bc (sin 45°cos 30° - cos 45° sin 30°) = -cos 30° 

P 

- mg sin 30° 

2 

MV 

T bc sin 15° = -cos 30° - mg sin 30° 

P 

(4) 

Making T AC = 60 N, m = 5 kg, p = 1.6 m, g = 9.81 m/s 2 in Eq. (3), we find the value v\ of v for which 

c 2 

T ac = 60 N: 60(cos 30° - sin 30°) = 5(9.81) - 21 

1.6 


V. 2 2 

21.962 = 49.05 1 v, 2 =8.668, 

0.32 1 

Vj = 2.94 m/s 

We have T AC < 60 N for v > v,, that is, for 

v > 2.94 m/s <] 
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PROBLEM 12.40 (Continued) 


Making T BC = 60 N, m = 5 kg, p- 1.6 m, g - 9.81 m/s ’ in Eq. (4), we find the value V 2 of v for which 

5v, 2 

T bc = 60 N: 60sin 15° = cos 30° - 5(9.81) sin 30° 

15.529 = 2.7063v 2 2 - 24.523 v 2 2 = 14.80, v 2 = 3.85 m/s 

We have T BC < 60 N for v < v 2 , that is, for v < 3.85 m/s <] 

Combining the results obtained, we conclude that the range of allowable value is 3.01 m/s < v < 3.85 m/s A 
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PROBLEM 12.41 

A 100-g sphere D is at rest relative to drum ABC which rotates 
at a constant rate. Neglecting friction, determine the range of 
the allowable values of the velocity v of the sphere if neither of 
the normal forces exerted by the sphere on the inclined 
surfaces of the drum is to exceed 1.1 N. 
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PROBLEM 

12.41 (Continued) 

Case 2: 

N 2 is maximum. 




Let 



N 2 ~- 

= 1.1 N 

Eq. (2) 


V, sin 60° + (1.1 

N)sin 20° 

= (0.1 kg)(9.81 m/s 2 ) 

or 




= 0.69834 N 




( N i V 2 ) max 

< 1.1 N OK 

Eq. (1) 




= °' 2 m (0.69834cos60° + l.lcos20°) N 

0.1kg 

or 



( V o)(iV 2 ) nIax 

= 1.663 m/s 

Now we form 

(sin 60‘ 

3 )x[Eq. (1)] 

- (cos 60°) x [Eq. (2)] 


n 2 

cos 20° sin 60° - N 2 sin 

20° cos 60° 

2 

v n 

= m D — sin 60° - m D g cos 60° 





p 

or 



N-, cos 40° 

Vn 

= m D —^-sin 60° - m D g cos 60° 





P 

( V d) max 

occurs when N 2 = 

(^2)max 



( v £>)max 

= 1.663 m/s 




For N x 

< N 2 <1.1N 








1.121 m/s < v D < 1.663 m/s 
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PROBLEM 12.42* 

As part of an outdoor display, a 12-lb model C of the earth is attached to wires AC 
and BC and revolves at a constant speed v in the horizontal circle shown. 
Determine the range of the allowable values of v if both wires are to remain taut 
and if the tension in either of the wires is not to exceed 26 lb. 
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1.21b 



PROBLEM 12.43* 

The 1.2-lb flyballs of a centrifugal governor revolve at a constant speed 
v in the horizontal circle of 6-in. radius shown. Neglecting the weights 
of links AB, BC, AD, and DE and requiring that the links support only 
tensile forces, determine the range of the allowable values of v so that 
the magnitudes of the forces in the links do not exceed 17 lb. 


1.2 lb 
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PROBLEM 12.43* (Continued) 

(Tda )max = 16.9443 lb 

(Tde )max - 17 lb 


Eq. (1) 


(v 2 ) 


(hM>n 


or 


Now form 


_ (32.2 ft/s 2 )(0.5 ft) 
1.21b 

= 13.85 ft/s 


(16.9443sin 20° +17 sin 30°) lb 


(cos 30°) x [Eq. (1)] + (sin 30°) x [Eq. (2)] 

W v 2 

T da sin20 o cos30° + r a4 cos20°sin30° =-cos30° + W sin30° 

§ P 

TI/ 2 

T m sin 50° = — — cos 30° + W sin 30° 


8 P 


or 

V max OCCUrS When T DA = <Jda) max 

Enax =13.85 ft/s 

Case 2: T DA is minimum. 

Because (T DA ) min occurs when T nh: = (T Dh: ) mm , 

l e l T D e — 0- 

Eq. (2) T da cos 20° - (1.2 lb) = 0 

or T da =1.27701 lb, 171b 

Note: Eq. (3) implies that when T DA = (7 m ) min , v = v min . Then 


OK 


Eq. (1) 


1.21b 

or v m]n = 2.42 ft/s 

0 < ^ah' T B c' T A d’ T de < 17 lb 

when 


( v2 )min = 132,2 ~ (1.27701 !b) .in 20 c 


( 3 ) 


2.42 ft/s <v <13.85 ft/s ◄ 
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PROBLEM 12.44 

A 130-lb wrecking ball B is attached to a 45-ft-long steel cable 
AB and swings in the vertical arc shown. Determine the tension 
in the cable (a) at the top C of the swing, (b) at the bottom D of 
the swing, where the speed of B is 13.2 ft/s. 
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A 



PROBLEM 12.45 

During a high-speed chase, a 2400-lb sports car traveling at a 
speed of 100 mi/h just loses contact with the road as it 
reaches the crest A of a hill, (a) Determine the radius of 
curvature p of the vertical profile of the road at A. ( b ) Using 
the value of p found in part a, determine the force exerted 
on a 160-lb driver by the seat of his 3100-lb car as the car, 
traveling at a constant speed of 50 mi/h, passes through A. 
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A 



PROBLEM 12.46 

A child having a mass of 22 kg sits on a swing and is held in the 
position shown by a second child. Neglecting the mass of the swing, 
determine the tension in rope AB (a) while the second child holds 
the swing with his arms outstretched horizontally, ( b ) immediately 
after the swing is released. 
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PROBLEM 12.47 



p = 30 m 


The roller-coaster track shown is contained in a vertical plane. 
The portion of track between A and B is straight and horizontal, 
while the portions to the left of A and to the right of B have radii 
of curvature as indicated. A car is traveling at a speed of 
72 km/h when the brakes are suddenly applied, causing the 
wheels of the car to slide on the track (ju k =0.20). Determine 
the initial deceleration of the car if the brakes are applied as the 
car (a) has almost reached A, ( b) is traveling between A and B, 
(. c ) has just passed B. 
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PROBLEM 12.48 

A 250-g block fits inside a small cavity cut in arm OA, which rotates 
in the vertical plane at a constant rate such that v = 3 m/s. Knowing 
that the spring exerts on block B a force of magnitude P — 1.5 N and 
neglecting the effect of friction, determine the range of values of 0 
for which block B is in contact with the face of the cavity closest to 
the axis of rotation O. 
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PROBLEM 12.49 

A series of small packages, each with a mass of 0.5 kg, are discharged 
from a conveyor belt as shown. Knowing that the coefficient of static 
friction between each package and the conveyor belt is 0.4, determine 
(a) the force exerted by the belt on a package just after it has passed 
Point A, (b) the angle 0 defining the Point B where the packages first 
slip relative to the belt. 
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PROBLEM 12.50 

A 54-kg pilot flies a jet trainer in a half vertical loop of 1200-m 
radius so that the speed of the trainer decreases at a constant rate. 
Knowing that the pilot’s apparent weights at Points A and C are 
1680 N and 350 N, respectively, determine the force exerted on 
her by the seat of the trainer when the trainer is at Point B. 


A 


/ 

/ 


/ 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


376 







PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


377 




PROBLEM 12.51 

A carnival ride is designed to allow the general public to experience high acceleration motion. The ride rotates 
about Point O in a horizontal circle such that the rider has a speed v 0 . The rider reclines on a platform A which 
rides on rollers such that friction is negligible. A mechanical stop prevents the platform from rolling down the 
incline. Determine ( a ) the speed Vo at which the platform A begins to roll upwards, (b) the normal force 
experienced by an 80-kg rider at this speed. 
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PROBLEM 12.52 

A curve in a speed track has a radius of 1000 ft and a rated speed of 120 mi/h. 
(See Sample Problem 12.6 for the definition of rated speed). Knowing that a 
racing car starts skidding on the curve when traveling at a speed of 180 mi/h, 
determine (a) the banking angle 0, (b) the coefficient of static friction between 
the tires and the track under the prevailing conditions, (c) the minimum speed at 
which the same car could negotiate that curve. 


SOLUTION 

Weight 

Acceleration 


W = mg 

2 


V 


a = ■ 

P 

HF X = ma x : F + W sin 6 — ma cos 0 

2 



N 


w 


F = 


mv 


P 


cos 0-mg sin 0 


HF y = ma y : N -W cos 6 = ma sin 0 


mv 


N =-sin 0+ mg cos 0 

P 

( a ) Banking angle . Rated speed v = 120 mi/h = 176 ft/s. F — 0 at rated speed. 

mv 2 


0 =-cos 0 - mg sin 0 


P 

2 


tan 0 - - 


(176) 2 


= 0.96199 


(b) Slipping outward . 


pg (1000) (32.2) 

0 = 43.89° 

v = 180 mi/h = 264 ft/s 

F v 2 cos 0 - pg sin 0 

F = pN // = — = —-—- 

N v sin 0 + pg cos 0 





M = 


(264f cos 43.89°-(1000) (32.2)sin43.89° 
(264) 2 sin43.89°+ (1000)(32.2)cos43.89° 


= 0.39009 


ma. 


( 1 ) 


(2) 


0 = 43.9° ◄ 


p = 0.390 ◄ 
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PROBLEM 12.53 

Tilting trains, such as the American Flyer which will run from 
Washington to New York and Boston, are designed to travel 
safely at high speeds on curved sections of track which were 
built for slower, conventional trains. As it enters a curve, each 
car is tilted by hydraulic actuators mounted on its trucks. The 
tilting feature of the cars also increases passenger comfort by 
eliminating or greatly reducing the side force F s (parallel to the 
floor of the car) to which passengers feel subjected. For a train 
traveling at 100 mi/h on a curved section of track banked 
through an angle 6 - 6° and with a rated speed of 60 mi/h, 
determine (a) the magnitude of the side force felt by a passenger 
of weight W in a standard car with no tilt (0 = 0), (b) the 
required angle of tilt 0 if the passenger is to feel no side force. 
(See Sample Problem 12.6 for the definition of rated speed.) 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


381 






PROBLEM 12.53 (Continued) 


(b) For F s = 0, 


2 

-—cos (0+0)-sin (0 + 0) = 0 

8P 


tan (0 + 0)= V = (146 ' 67) =0.29199 

gp (32.2X2288) 


<9 + 0 = 16.28° 


0 = 16.28°-6° 

0 = 10.28° ◄ 
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PROBLEM 12.54 

Tests carried out with the tilting trains described in Problem 12.53 
revealed that passengers feel queasy when they see through the car 
windows that the train is rounding a curve at high speed, yet do not 
feel any side force. Designers, therefore, prefer to reduce, but not 
eliminate, that force. For the train of Problem 12.53, determine the 
required angle of tilt <f> if passengers are to feel side forces equal to 
10% of their weights. 
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L*— 2 m —*-j 

PROBLEM 12.55 

r 2 

XU y 

r 

t 


/ / '4 A 3-kg block is at rest relative to a parabolic dish which rotates at 

a constant rate about a vertical axis. Knowing that the coefficient 
of static friction is 0.5 and that r— 2 m, determine the maximum 
allowable velocity v of the block. 


SOLUTION 

Let P be the slope angle of the dish, tan [5 — — = — r 

dr 2 

At r = 2 m, tan [3 = 1 or (3 = 45° 

Draw free body sketches of the sphere. 

HF y = 0: N cos/ 3 - p s N sin fi - mg = 0 




N = 


mg 

cos P - jU s sin P 


-i- 'LF n = ma n : iVsin/? + // s NcosP 


mv 2 

P 


mg (sin P + jU s N cos P) _ mv 2 
cos P - jU s sin P p 


V' 


2 


= Pg 


sin P + p s cos P 
cos P - p s sin p 


(2X9.81) 


sin 45° + 0.5 cos 45° 
cos 45° - 0.5sin45° 


= 58.86 nr/s 2 


v = 7.67 m/s A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


385 






PROBLEM 12.56 

Three seconds after a polisher is started from rest, small tufts of 
fleece from along the circumference of the 225-mm-diameter 
polishing pad are observed to fly free of the pad. If the polisher is 
started so that the fleece along the circumference undergoes a 
constant tangential acceleration of 4 m/s 2 , determine (a) the 
speed v of a tuft as it leaves the pad, ( b ) the magnitude of the force 
required to free a tuft if the average mass of a tuft is 1.6 mg. 
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PROBLEM 12.57 



A turntable A is built into a stage for use in a theatrical 
production. It is observed during a rehearsal that a trunk B 
starts to slide on the turntable 10 s after the turntable begins to 
rotate. Knowing that the trunk undergoes a constant tangential 
acceleration of 0.24 m/s 2 , determine the coefficient of static 
friction between the trunk and the turntable. 
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PROBLEM 12.59 

A small, 200-g collar D can slide on portion AB of a rod which is bent as shown. 
Knowing that the rod rotates about the vertical AC at a constant rate and that a = 30° 
and r = 600 mm, determine the range of values of the speed v for which the collar will not 
slide on the rod if the coefficient of static friction between the rod and the collar is 0.30. 
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PROBLEM 12.60 

A semicircular slot of 10-in. radius is cut in a flat plate which rotates 
about the vertical AD at a constant rate of 14 rad/s. A small, 0.8-lb block 
E is designed to slide in the slot as the plate rotates. Knowing that the 
coefficients of friction are fj s = 0.35 and /J k = 0.25, determine whether 
the block will slide in the slot if it is released in the position corresponding to 
(a) 9 - 80°, (b) 0 = 40°. Also determine the magnitude and the direction 
of the friction force exerted on the block immediately after it is released. 
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(a) We have 
Then 


PROBLEM 12.60 (Continued) 


0 = 80° 

N = (0.8 lb) 

= 6.3159 lb 


1 98 

■ cos 80° +-— x — (13 - 5 sin 80°) ft/s 2 x sin 80° 

32.2 ft/s 2 3 


F = (0.8 lb) 

= 1.92601 lb 


1 QO 

sin 80° +--x — (13 - 5 sin 80°) ft/s 2 x cos 80° 


32.2 ft/s 2 3 


Now F nm = jU s N = 0.35(6.3159 lb) = 2.2106 lb 

The block does not slide in the slot, and 


F = 1.926 lb 2x80° ◄ 


( b ) We have 
Then 


6 = 40° 

N = (0.8 lb) 

= 4.4924 lb 
F = (0.8 lb) 

= 6.5984 lb 


1 9R 

. cos 40° +-- X—(13 - 5 sin 40°) ft/s 2 x sin 40° 

32.2 ft/s 2 3 


1 98 

sin 40° +--x — (13 - 5 sin 40°) ft/s 2 x cos 40° 


32.2 ft/s 2 3 


Now 


F m „ = uN, from which it follows that 

IllaX » A 

F > F 

max 

Block E will slide in the slot 


and 


a £ - a n +a £/plate 


- a„ + (a^/piate ) f + ( a £/plate K 


At t = 0, the block is at rest relative to the plate, thus (a £/ late ) n = 0 at t = 0, so that a £/ late must be 
directed tangentially to the slot. 


+/ 'LF X = ma : N + W cos 40° = m —sin 40° 

P 


f 


or 


N = W 


- cos 40° + sin 40 

V SP J 

= 4.4924 lb 


3 





(as above) 
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PROBLEM 12.61 

A small block B fits inside a lot cut in arm OA which rotates in a vertical plane at 
a constant rate. The block remains in contact with the end of the slot closest to A 
and its speed is 1.4 m/s for 0< 0 < 150°. Knowing that the block begins to slide 
when 0 = 150°, determine the coefficient of static friction between the block and 
the slot. 
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PROBLEM 12.62 


The parallel-link mechanism ABCD is used to transport a component I between manufacturing processes at 
stations E, F, and G by picking it up at a station when 8-0 and depositing it at the next station when 
0 = 180°. Knowing that member BC remains horizontal throughout its motion and that links AB and CD 
rotate at a constant rate in a vertical plane in such a way that v B - 2.2 ft/s, determine (a) the minimum value of 
the coefficient of static friction between the component and BC if the component is not to slide on BC while 
being transferred, ( b ) the values of 6 for which sliding is impending. 
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PROBLEM 12.62 (Continued) 


We must determine the values of 8 which maximize the above expression. Thus 


or 


d_ 

dO 


cos 8 '\ -sin 6?|^f-sin #) - (cos #)(-cos 8) 


^--sin 8 


J 


' gp 
2 
V B 


sin 6 


i 

gp 


sin 0 = for M s =(jU s ) n 


= 0 


Now 


or 


sin 0 = 


(2.2 ft/s) 2 


- = 0.180373 


(32.2 ft/s 2 )(f ft) 

6> = 10.3915° and = 169.609° 


(a) From above, 


(PsX 


cos 0 
^--sin 9 


where sin 8 = 

gP 


(Ps )min 


cos 8 cos 8 sin 8 


-L-sintf 1-sin # 


= tan 8 


= tanl0.3915° 


or 

( b ) We have impending motion 

to the left for 
to the right for 


(M,) mi. =0.1834 ◄ 

8 - 10.39° ◄ 
8 = 169.6° ◄ 
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PROBLEM 12.63 

Knowing that the coefficients of friction between the component I and member BC of the mechanism of 
Problem 12.62 are f/ s = 0.35 and ju k = 0.25, determine ( a ) the maximum allowable constant speed v B if the 
component is not to slide on BC while being transferred, (b) the values of 6 for which sliding is impending. 
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PROBLEM 12.63 (Continued) 


(a) The maximum allowed value of v B is then 


(Vfl) = Ps 

' /max 


gP 


= gp 


cos 9 + /u s sin 6 
tan 0 


cos 9 + (tan 9) sin 9 


where tan 9 — p s 
= gp sin 9 


-(32.2 ft/s 2 )I — ft I sin 19.2900° 
1 12 1 


or 


( b ) First note that for 90° < 9 < 180°, Eq. (1) becomes 

8P 


v B <Ps 


cos a + p s sin a 


(v B ) =2.98ft/s ◄ 


where a -180° - 9. It then follows that the second value of 9 for which motion is impending is 

9 = 180° -19.2900° 

-160.7100° 

we have impending motion 

to the left for 9 -19.29° A 

to the right for 9- 160.7° 4 

Alternative solution. 


£F = ma: W + R - ma n 




For impending motion, Also, as shown above, the values of 9 for which motion is impending 

minimize the value of vb, and thus the value of a n is = ^-j. From the above diagram, it can be concluded 
that a n is minimum when ma n and R are perpendicular. 
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PROBLEM 12.64 


Anode 



:i< 


In the cathode-ray tube shown, electrons emitted by the cathode 
and attracted by the anode pass through a small hole in the anode 
and then travel in a straight line with a speed Vo until they strike 
the screen at A. However, if a difference of potential V is 
established between the two parallel plates, the electrons will be 
subjected to a force F perpendicular to the plates while they travel 
between the plates and will strike the screen at Point B, which is at 
a distance d from A. The magnitude of the force F is F — eV/d, 
where —e is the charge of an electron and d is the distance 
between the plates. Derive an expression for the deflection d in 
terms of V, v 0 , the charge —e and the mass m of an electron, and 
the dimensions d, £, and L. 


SOLUTION 


Consider the motion of one electron. For the horizontal motion, let x — 0 at the left edge of the plate 
and x = t at the right edge of the plate. At the screen, 

x- — + L 
2 

Horizontal motion: There are no horizontal forces acting on the electron so that a x = 0. 

Let h = 0 when the electron passes the left edge of the plate, r = f, when it passes the right edge, and t —1 2 
when it impacts on the screen. For uniform horizontal motion, 

x = v 0 t. 


so that fj = — 

v o 

, £ L 

and t 2 = -1- 

2 '’o v o 

Vertical motion: The gravity force acting on the electron is neglected since we are interested in the deflection 
produced by the electric force. While the electron is between plates (0 < t < t x ), the vertical force on the 
electron is F y = eV/d. After it passes the plates if, <t< t 2 ), it is zero. 


t -O 

U l -j 


For 0 < t < h, 


ZF y =ma y : 


_ F y _ eV 
y m md 

eVt 

v, =(v y ) o + <y = 0 + — 

, 1 2 n n eW 2 

y = y 0 + (v v ) 0 t + -a v t- = 0+°+—— 
2 2 md 
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PROBLEM 12.64 (Continued) 


At t = t v 

II 

and 

, _ eVt \ 

' 1 2 md 



For fj < t < t 2 , a y = 0 







y = yi + (v y \(t- 

h) 



> 

«■*». 

II 

to* 

y 2 =S=y l +(Vy\(t 2 -t l ) 

c eVtf eVu , , eVt, f 1 ^ 

2 md md ' md \ 2 J 



_ eVt 

f * 

_|_ 

L 1 l A 

or 

s- eVtL < 


mdv 0 

v 2v 0 

1 >° 

1 <N 

1 >° 

O — 2 ^ 

mdv 0 
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PROBLEM 12.65 


Anode 



i 


s 


In Problem 12.64, determine the smallest allowable value of the 
ratio uf/f in terms of e, m, vo, and V if at x = t the minimum 
permissible distance between the path of the electrons and the 
positive plate is 0.05 d. 

Problem 12.64 In the cathode-ray tube shown, electrons emitted by 
the cathode and attracted by the anode pass through a small hole in 
the anode and then travel in a straight line with a speed vo until they 
strike the screen at A. However, if a difference of potential V is 
established between the two parallel plates, the electrons will be 
subjected to a force F perpendicular to the plates while they travel 
between the plates and will strike the screen at point B, which is at a 
distance S from A. The magnitude of the force F is F - eV/d, 
where — e is the charge of an electron and d is the distance between 
the plates. Derive an expression for the deflection d in terms of V, 
v 0 , the charge — e and the mass m of an electron, and the 
dimensions d, l, and L. 


SOLUTION 


Consider the motion of one electron. For the horizontal motion, let x = 0 at the left edge of the plate 
and x = l at the right edge of the plate. At the screen, 

X — — + L 
2 


Horizontal motion: There are no horizontal forces acting on the electron so that a x = 0. 


Let h = 0 when the electron passes the left edge of the plate, t = t l when it passes the right edge, and t —1 2 
when it impacts on the screen. For uniform horizontal motion, 


x = vJ, 


so that 


and 


2v f 


L 

- + —. 
Vn 



Vertical motion: The gravity force acting on the electron is neglected since we are interested in the deflection 
produced by the electric force. While the electron is between the plates (0 < t < t x ), the vertical force on the 
electron is F = eV/d. After it passes the plates (7, <t< t 2 ), it is zero. 


For 0 <t <t x . 


ZF y =ma y : a y 


F y _ eV 
m md 
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PROBLEM 12.F9 

Four pins slide in four separate slots cut in a horizontal circular plate as 
shown. When the plate is at rest, each pin has a velocity directed as 
shown and of the same constant magnitude u. Each pin has a mass m and 
maintains the same velocity relative to the plate when the plate rotates 
about O with a constant counterclockwise angular velocity OX Draw the 
FBDs and KDs to determine the forces on pins P\ and Pi. 
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PROBLEM 12.F10 

At the instant shown, the length of the boom AB is being decreased at the 
constant rate of 0.2 m/s, and the boom is being lowered at the constant rate of 
0.08 rad/s. If the mass of the men and lift connected to the boom at Point B is in, 
draw the FBD and KD that could be used to determine the horizontal and 
vertical forces at B. 


SOLUTION 


w e» e ma e = m ( r # + 2 ™) 

mg \ \ 2 \ 

1 Cl 1 . ■■ __ mn = m\r — rf) 1 

Jf] ■ 

^ ^ '""r v / 



Where r — 6 m, r = -0.2 m/s, 

r = 0, 0 - -0.08 rad/s, 6» = 0 
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Spring 



PROBLEM 12.F11 

Disk A rotates in a horizontal plane about a vertical axis at the constant 
rate 0 t) . Slider B has a mass m and moves in a frictionless slot cut in 
the disk. The slider is attached to a spring of constant k, which is 
undeformed when r — 0. Knowing that the slider is released with no 
radial velocity in the position r — r () , draw a FBD and KD at an arbitrary 
distance r from O. 
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PROBLEM 12.F12 

Pin B has a mass m and slides along the slot in the rotating arm OC 
and along the slot DE which is cut in a fixed horizontal plate. 
Neglecting friction and knowing that rod OC rotates at the constant 
rate 6 0 , draw a FBD and KD that can be used to determine the 
forces P and Q exerted on pin B by rod OC and the wall of slot DE, 
respectively. 
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PROBLEM 12.66 

Rod OA rotates about O in a horizontal plane. The motion of the 
0.5-lb collar B is defined by the relations r — 10 + 6 cos Kt and 
0- K(At 2 -8/), where r is expressed in inches, t in seconds, and 6 
in radians. Determine the radial and transverse components of the 
force exerted on the collar when (a) t—0,(b)t— 0.5 s. 


SOLUTION 

Use polar coordinates and calculate the derivatives of the coordinates r and 0 with respect to time. 

r — 10+ 6 cos in. 9 = K(4t 2 - 8t) rad 

r = -6k sin Kt in./s 0 = K(St - 8) rad/s 

••2 2 2 

r — -6k~ cosKt in./s“ 9 -8k rad/s 

Mass of collar: m = °' 5 lb , = 0.015528 lb s 2 /ft = 1.294 xlO -3 lb • s 2 /in. 

32.2 ft/s 2 



(a) t — 0: 

r = 16 in. 


9 = 0 


r = 0 9 = -8k = -25.1327 rad/s 

r =-6 k 2 =-59.218 in./s 2 9 = 8k = -25.1327 rad/s 2 

a r = f - r6 2 = -59.218- (16)(—25.1327) 2 = -10165.6 in./s 2 
a e =r9+ 2r9 = (16)(25.1327) + 0 = 402.12 in./s 2 
F r =ma r = (1.294X10 -3 lb - s 2 /in.)(-10165.6 in./s 2 ) 

F e =ma e = (1.294xl0 _3 lb-s 2 /in.)(402.12in./s 2 ) 


F r =-13.15 lb ◄ 
F e = 0.5201b ◄ 
9 = 0 ◄ 
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PROBLEM 12.67 

Rod OA oscillates about O in a horizontal plane. The motion of the 2-lb 
collar B is defined by the relations r = 6(1 - e ~ 2 ') and 9 = (3//r)(sin lit), 
where r is expressed in inches, t in seconds, and 9 in radians. Determine 
the radial and transverse components of the force exerted on the collar 
when (a) t = 1 s, (b) t — 1.5 s. 
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PROBLEM 12.67 (Continued) 

0 b ) / = 1.5 s: e~ 2 ‘ - 0.049787, sin;z? = -l, cos;rr = 0 

r = 6(1 - 0.049787) = 5.7013 in. 9 = (3/;r)(-l) = -0.9549 rad = -54.7° 

r = (12)(0.049787) = 0.59744 in./s 2 9 = 0 
f = -(24)(0.049787) = -1.19489 in./s 2 9 = -(3;r)(-l) = 9.4248 rad/s 2 
a r = r - r9 2 = -1.19489 -0 = -1.19489 in./s 2 
a e = r9 + 2r9 = (5.7013)(9.4248) + 0 = 53.733 in./s 2 

F r — ma r — (5.176 x 10^ 3 lb • s 2 /in.)(—1.19489 in./s 2 ) F r =-0.00618 lb ◄ 

F e = ma e = (5.176x 10~ 3 lb-s 2 /in.)(53.733 in./s 2 ) F g =0.278 lb ◄ 

9 = -54.7° ◄ 
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PROBLEM 12.68 

The 3-kg collar B slides on the frictionless arm AA'. The arm is 
attached to drum D and rotates about O in a horizontal plane at the 
rate 6 = 0.75 1, where 6 and t are expressed in rad/s and seconds, 
respectively. As the arm-drum assembly rotates, a mechanism 
within the drum releases cord so that the collar moves outward 
from O with a constant speed of 0.5 m/s. Knowing that at t = 0, 
r = 0, determine the time at which the tension in the cord is equal 
to the magnitude of the horizontal force exerted on B by arm AA'. 


SOLUTION 

Kinematics 

We have 

At t = 0,r = 0: 

— = r = 0.5 m/s 
dt 

f dr - f 0.5 dt 

Jo Jo 

or 

r = (0.5?) m 

Also, 

r = 0 6 = (0.75 1) rad/s 


0 = 0.75 rad/s 2 

Now 

a,. = f- rG 2 = 0-[(0.5f) m][(0.75f) rad/s] 2 = -(0.28125t 3 ) m/s 2 

and 

a e = rd + 2 r6 


= [(0.50 m][0.75 rad/s 2 ] + 2(0.5 m/s)[(0.75f) rad/s] 

= (1.125?) m/s 2 

Kinetics 

+/ ’LF r =ma r : -T = (3kg)(-0.28125r 3 ) m/s 2 too.* 

T = (0.84375f 3 ) N 

or 


+\ZF g = m B a 0 : Q = (3 kg)(1.1250 m/s 2 -j 

or 

Q = (3.375f) N 

Now require that 

T = Q 

or 

(0.84375t 3 )N = (3.3750 N 

or 

O 

O 

O 

T d- 

II 

<N 

or 

t = 2.00 s 4 
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PROBLEM 12.69 


The horizontal rod OA rotates about a vertical shaft according to the 
relation O-lOt, where 6 and t are expressed in rad/s and seconds, 
respectively. A 250-g collar B is held by a cord with a breaking 
strength of 18 N. Neglecting friction, determine, immediately after the 
cord breaks, (ci) the relative acceleration of the collar with respect to 
the rod, ( b ) the magnitude of the horizontal force exerted on the collar 
by the rod. 
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PROBLEM 12.70 


Pin B weighs 4 oz and is free to slide in a horizontal plane along 
the rotating arm OC and along the circular slot DE of radius 
b- 20 in. Neglecting friction and assuming that 9 = \5 rad/s 
and 9 = 250 rad/s 2 for the position 9 — 20°, determine for that 
position (a) the radial and transverse components of the 
resultant force exerted on pin B , (b) the forces P and Q exerted 
on pin B , respectively, by rod OC and the wall of slot DE. 
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PROBLEM 12.71 


The two blocks are released from rest when r = 0.8 m and 
6 = 30°. Neglecting the mass of the pulley and the effect of 
friction in the pulley and between block A and the horizontal 
surface, determine (a) the initial tension in the cable, ( b ) the initial 
acceleration of block A, ( c ) the initial acceleration of block B. 
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PROBLEM 12.72 


25 kg B 


The velocity of block A is 2 m/s to the right at the instant when r = 0.8 m 
and 6 = 30°. Neglecting the mass of the pulley and the effect of friction 
in the pulley and between block A and the horizontal surface, determine, 
at this instant, (a) the tension in the cable, (b) the acceleration of block A, 
(c) the acceleration of block B. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


417 





PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


418 




PROBLEM 12.73* 



ft, = 10 rad/s 


Slider C has a weight of 0.5 lb and may move in a slot cut in arm 
AB, which rotates at the constant rate 0 {) = 10 rad/s in a horizontal 
plane. The slider is attached to a spring of constant k = 2.5 lb/ft, 
which is unstretched when r = 0. Knowing that the slider is 
released from rest with no radial velocity in the position r = 18 in. 
and neglecting friction, determine for the position r = 12 in. (a) the 
radial and transverse components of the velocity of the slider, 
(ib ) the radial and transverse components of its acceleration, (c) the 
horizontal force exerted on the slider by arm AB. 
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PROBLEM 12.73* (Continued) 


(a) 


(b) 


Components of velocity when r — 12 in. 


r = 0 + 


10 


2.5 


0.01553 


(1.0 2 -1.5 2 ) + 0 


= 76.223 ft 2 /s 2 
v r = r = ±8.7306 ft/s 

Since r is decreasing, v r is negative 


r = -8.7306 ft/s 


v e =r6 = (1.0)(10) 

Components of acceleration . 

F r = -hr + kl 0 = —(2.5)(1.0) + 0 = -2.5 lb 


_ F r _ 2.5 

a ' ~ m ~ 0.01553 

a g = rO + 2rd = 0 + (2)(-8.7306)(10) 


(c) Transverse component of force . 

F g = ma e = (0.01553)(-174.6) 


v r = -8.73 ft/s A 
v e = 10.00 ft/s A 

a r - 161.0 ft/s 2 A 

a g - -174.6 ft/s 2 A 
F e = —2.71 lb ◄ 
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PROBLEM 12.74 

A particle of mass m is projected from Point A with an initial velocity Vo 
perpendicular to line OA and moves under a central force F directed 
away from the center of force O. Knowing that the particle follows a path 
defined by the equation r = r 0 /-J cos2# and using Eq. (12.27), express 
the radial and transverse components of the velocity v of the particle as 
functions of 0. 


SOLUTION 

Since the particle moves under a central force, h = constant. 


Using Eq. (12.27), 


or 


Radial component of velocity . 


h = rd = h 0 = r 0 v. 


o 


( j = W^V,cos29^i icos2g 

' V ’b 


dr ■ d 

v,. = r =- 6- - 

dd dd 


Vcos2 ~d 


d — r r 


sin 2 d 

° (cos2#) 3/2 


Transverse component of velocity . 


= r, 


sin 2d v 0 
°(cos2 d) m r 


cos 2d 


V„ = Vn 


sin 2d 
%/cos2 d 


Vn = — = -^-Vcos 2d 


= v n Vcos 2d A 


v e ~ 1 o 
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PROBLEM 12.75 


For the particle of Problem 12.74, show (a) that the velocity of the 
particle and the central force F are proportional to the distance r from 
the particle to the center of force O, (b) that the radius of curvature of 
the path is proportional to r 3 . 

PROBLEM 12.74 A particle of mass m is projected from Point A with 
an initial velocity v () perpendicular to line OA and moves under a central 
force F directed away from the center of force O. Knowin g that the 
particle follows a path defined by the equation r = r 0 /yj cos 26 and using 
Eq. (12.27), express the radial and transverse components of the velocity 
v of the particle as functions of 0. 
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PROBLEM 12.75 (Continued) 


Since the particle moves under a central force, a e = 0. 
Magnitude of acceleration . 


,2 2 v 0 r 
a — \/n„ + ——— 


Tangential component of acceleration . 


_ dv _ d 


v n r 


V r o J 


= —r = -^-sinlO 
r o r 0 ~ 


dt dt 

Normal component of acceleration . 

a t = yja 2 - a t 2 = Vl-sin 2 2# = 


v 0 r cos 20 


But 


Hence, 


cos 20 = 


z' . A 


V ' J 


v 0 


2 2 2 2 

... v v v n r r 

(h) But a„ = — or p = — = -- 

P a n r 0 v 0 
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. r 

PROBLEM 12.76 

Xff" H.-., 

A particle of mass m is projected from Point A with an initial velocity Vo 

perpendicular to line OA and moves under a central force F along a 


semicircular path of diameter OA. Observing that r = r 0 cos9 and using 


Eq. (12.27), show that the speed of the particle is v = v 0 /cos 2 9. 

O r A 

^- r o --1 


SOLUTION 

Since the particle moves under a central force, h = constant. 


Using Eq. (12.27), 


h = r 2 9 = h 0 = r 0 v 0 


or 


Radial component of velocity . 


n _ r o v o _ Wo _ ' ; o 

U 2 2 2 n 2 a 

r r 0 cos 9 r 0 cos 9 


v r = r = —(r 0 cos 6) = ~(r 0 sin 9)9 
dt 


Transverse component of velocity . 


v e = r9 = (r 0 cos 9)9 


Speed . 


^..2 , ..2 __ q _ r 0 V 0 


v = \lv r + v e " = r 0 9 = 


r 0 cos’ 9 


cos 2 9 
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PROBLEM 12.77 

For the particle of Problem 12.76, determine the tangential component F t 
of the central force F along the tangent to the path of the particle for 
(a) <9 = 0, (b) <9 = 45°. 

PROBLEM 12.76 A particle of mass m is projected from Point A with an 
initial velocity Vo perpendicular to line OA and moves under a central force F 
along a semicircular path of diameter OA. Observing that r = r 0 cos 6 and 
using Eq. (12.27), show that the speed of the particle is v = v 0 /cos 2 6. 


SOLUTION 

Since the particle moves under a central force, h = constant 
Using Eq. (12.27), 


h = rO = h 0 = r 0 v 0 


6 = 


r 2 r 0 2 cos 8 r 0 cos 2 6 


Radial component of velocity . 


Transverse component of velocity . 


v r =r = —(r 0 cos G) = -( r 0 sin 6)6 
dt 


v g = rd = (r 0 cos 6)6 


Speed . 


/ 2^2 a Wo v o 

v-Vu +v e =nfi = - Y2 = — T2 

r n cos 6 cos 6 


Tangential component of acceleration . 


_ dv _ (—2)(— sin 6)6 _ 2v 0 sin 6 v 0 

&t — 

at 


cos 3 6 cos 3 6 r n cos 2 0 


2v 0 sin 9 
r n cos 5 6 


Tangential component of force . 


2mv 0 2 sin 6 

F t =ma ,: F t = - —— 

r 0 cos' 6 


(a) 

os 

ii 

o 

Al 

II 

o 

T 

o 

il 

tC 

(b) 

# = 45°, 2«iv 0 sin 45° 

cos 5 45° 

P _ ^ 

r o 
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PROBLEM 12.78 

Determine the mass of the earth knowing that the mean radius of the moon’s orbit about the earth is 238,910 mi 
and that the moon requires 27.32 days to complete one full revolution about the earth. 
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PROBLEM 12.79 

Show that the radius r of the moon’s orbit can be determined from the radius R of the earth, the acceleration of 
gravity g at the surface of the earth, and the time r required for the moon to complete one full revolution about 
the earth. Compute r knowing that r = 27.3 days, giving the answer in both SI and U.S. customary units. 
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PROBLEM 12.80 

Communication satellites are placed in a geosynchronous orbit, i.e., in a circular orbit such that they complete 
one full revolution about the earth in one sidereal day (23.934 h), and thus appear stationary with respect to 
the ground. Determine (a) the altitude of these satellites above the surface of the earth, ( b ) the velocity with 
which they describe their orbit. Give the answers in both SI and U.S. customary units. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


428 





PROBLEM 12.80 (Continued) 


(, b ) In SI units: 


In U.S. units: 



398.06X10 12 
42.145 x10 s 


= 3.07 xlO 3 m/s 



1 14.077 xlO lT 
V 138.334x10 s 


= 10.09 xlO 3 ft/s 


v = 3.07 km/s M 


v = 10.09xlO 3 ft/s ◄ 
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PROBLEM 12.81 

Show that the radius r of the orbit of a moon of a given planet can be determined from the radius R of the 
planet, the acceleration of gravity at the surface of the planet, and the time rrequired by the moon to complete 
one full revolution about the planet. Determine the acceleration of gravity at the surface of the planet Jupiter 
knowing that R - 71,492 km and that r = 3.551 days and r = 670.9 X 10 3 km for its moon Europa. 
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PROBLEM 12.82 

The orbit of the planet Venus is nearly circular with an orbital velocity of 126.5 x 10 3 km/h. Knowing that the 
mean distance from the center of the sun to the center of Venus is 108 x 10 6 km and that the radius of the sun 
is 695 x 10 3 km, determine (a) the mass of the sun, (b) the acceleration of gravity at the surface of the sun. 


SOLUTION 


Let M be the mass of the sun and m the mass of Venus. 
For the circular orbit of Venus, 

2 

GMm mv 


ma„ 


GM = rv 


where r is radius of the orbit. 

Data: r = 108 x 10 6 km = 108 x 10 9 m 

v = 126.5 x10 s km/hr = 35.139 x 10 3 m/s 


GM = (108 xl0 9 )(35.139 x10 s ) 2 = 1.3335 x 10 2 °m 3 /s 2 


(a) Mass of sun. 


GM _ 1.3335 xlO 20 m 3 /s 2 
G ~ 66.73 xl0“ 12 


(. b ) At the surface of the sun, R = 695.5 x 10 s km = 695.5 x 10 6 m 


GMm 

-tf- = m§ 

_ GM_ _ 1.3335 xlO 20 
8 ~ R 2 (695.5 x 10 6 ) 2 


M = 1.998xlO 30 kg ◄ 


g = 276 m/s 2 A 
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PROBLEM 12.83 

A satellite is placed into a circular orbit about the planet Saturn at an altitude of 2100 mi. The satellite 
describes its orbit with a velocity of 54.7 xlO 3 mi/h. Knowing that the radius of the orbit about Saturn and the 
periodic time of Atlas, one of Saturn’s moons, are 85.54xl0 3 mi and 0.6017 days, respectively, determine 
(a) the radius of Saturn, (b) the mass of Saturn. (The periodic time of a satellite is the time it requires to 
complete one full revolution about the planet.) 


SOLUTION 



Velocity of Atlas. 

2 jcr, 

Tt 


where 

v A = 85.54xl0 3 mi = 451.651xl0 6 ft 


and 

t a =0.601 7 days = 51,987 s 



(2.)(451.651xl0 6 ) =54587xlo3ft/s 

51,987 


Gravitational force. 

_ GMm mv 2 
r 2 = r 


from which 

GM = rv 2 - constant 


For the satellite, 

r sK = r A v A 



r _ 'A 



s 2 

v. 


where 

v, =54.7xl0 3 mi/h = 80.227 xlO 3 ft/s 



(451.651xl0 6 )(54.587xl0 3 )^ 20909xl06ft 
(80.227 xlO 3 ) 2 


r s = 39,600 mi 


(a) Radius of Saturn. 

R=r s - (altitude) = 39,600 - 2100 

R = 37,500 mi ◄ 

( b) Mass of Saturn. 

_ r A v\ _ (451.651x10 6 )(54.587x10 3 ) 2 

G 34.4x10 

M =39.1xl0 24 lb-s 2 /ft ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


432 





PROBLEM 12.84 


The periodic times (see Problem 12.83) of the planet Uranus’s moons Juliet and Titania have been observed to 
be 0.4931 days and 8.706 days, respectively. Knowing that the radius of Juliet’s orbit is 40,000 mi, determine 
(a) the mass of Uranus, (b) the radius of Titania’s orbit. 


SOLUTION 


Velocity of Juliet. 

2/rr, 

V ' = / 

1 j 

where 

rj — 40,000 mi = 2.112 x 10 8 ft 

and 

Tj = 0.4931 days = 42,604 s 


(2.)(2.112xl0 8 ft) =3 11476xl04ft/s 

1 42,604 s 

Gravitational force. 

2 

_ GMm mv 

F ‘ r = r 

from which 

GM = rv 2 = constant 

(a) Mass of Uranus. 

M - KjVj 

G 


,, (2.112xl0 8 )(3.11476xl0 4 ) 2 

34.4 xlO^ 9 

= 5.95642 xlO 24 lb • s 2 /ft 


M =5.96xl0 24 lb s 2 /ft ◄ 

(b) Radius of Titania’s orbit. 

2 4 k 2 Tj 4 n 2 r) 

GM = r T v T = -=- y~ 

T T Tj 

/ \2 / \2 

4 = r] Tt = (2.112x 10 8 ) 3 f 8 ' 706 =2.93663xl0 27 ft 3 

J [tjJ 10.4931 J 

r T 

= 1.43202xlO 9 ft = 2.71216xl0 5 mi r T = 2.71xl0 5 mi ◄ 
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PROBLEM 12.85 

A 500 kg spacecraft first is placed into a circular orbit about the earth at an altitude of 4500 km and then is 
transferred to a circular orbit about the moon. Knowing that the mass of the moon is 0.01230 times the mass 
of the earth and that the radius of the moon is 1737 km, determine (a) the gravitational force exerted on the 
spacecraft as it was orbiting the earth, ( b ) the required radius of the orbit of the spacecraft about the moon if 
the periodic times (see Problem 12.83) of the two orbits are to be equal, (c) the acceleration of gravity at the 
surface of the moon. 
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km 


PROBLEM 12.86 

A space vehicle is in a circular orbit of 2200-km radius around the 
moon. To transfer it to a smaller circular orbit of 2080-km radius, the 
vehicle is first placed on an elliptic path AB by reducing its speed by 
26.3 m/s as it passes through A. Knowing that the mass of the moon is 
73.49 xlO 21 kg, determine (a) the speed of the vehicle as it approaches B 
on the elliptic path, ( b ) the amount by which its speed should be 
reduced as it approaches B to insert it into the smaller circular orbit. 


SOLUTION 



For a circular orbit, 

V 2 

hF n =ma n : F = m — 
r 


Eq. (12.28): 

Mm 

F=G s 


Then 

Mm v 2 

G —— = m — 
r r 


or 

2 GM 

v" = - 

r 


Then 

2 _ 66.73xlO' 12 m 3 /kg-s 2 x73.49xlO 21 kg 
VAcirc_ 2200xl0 3 m 


or 

(cdcirc = 1493.0 m/s 


and 

2 _ 66.73xl0' 12 m 3 /kg-s 2 x73.49xlO 21 kg 
VBcirc_ 2080xl0 3 m 


or 

(^s)circ = 1535.5 m/s 


(a) We have 

( V A )m = ( V A )circ + ^ V A 



= (1493.0-26.3) m/s 

= 1466.7 m/s 


Conservation of angular momentum requires that 



r A m ( v A) T R =r B m(v B ) 1 R 


or 

, 2200 km 

v»L = -X1466.7 m/s 

BTR 2080 km 



= 1551.3 m/s 


or 


(v B ) TR - 1551 m/s -4 

(b) Now 

( V B )circ = ( V B )tR + ^ V B 


or 

Av b =(1535.5-1551.3) m/s 


or 


Av b - -15.8 m/s -4 
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PROBLEM 12.87 


Second transfer orbit 



Plans for an unmanned landing mission on the planet Mars called 
for the earth-return vehicle to first describe a circular orbit at an 
altitude d A — 2200 km above the surface of the planet with a 
velocity of 2771 m/s. As it passed through Point A, the vehicle 
was to be inserted into an elliptic transfer orbit by firing its 
engine and increasing its speed by Av a = 1046 m/s. As it passed 
through Point 5, at an altitude d B = 100,000 km, the vehicle was to 
be inserted into a second transfer orbit located in a slightly 
different plane, by changing the direction of its velocity and 
reducing its speed by Av B = -22.0 m/s. Finally, as the vehicle 
passed through Point C, at an altitude dc = 1000 km, its speed 
was to be increased by Av c = 660 m/s to insert it into its return 
trajectory. Knowing that the radius of the planet Mars is 
R =3400 km, determine the velocity of the vehicle after 
completion of the last maneuver. 


SOLUTION 


First transfer orbit. 


r A — 3400 + 2200 = 5600 km = 5.60xl0 b m 
r B = 3400 +100,000 = 103,400 km = 103.4 x 10 6 m 
r c — 3400 + 1000 = 4400 km = 4.40xl0 6 m 


v A = 2771 m/s + 1046 m/s = 3817 m/s 


Conservation of angular momentum: 

r A mV A = r B mV B 

(5.60x 10 6 )(3817) = (103.4xl0 6 )v B 
v B = 206.7 m/s 


Second transfer orbit. 


Conservation of angular momentum: 


v'b =v b + Av b 

= 206.7 -22.0 = 184.7 m/s 


After last maneuver. 


(103.4 x 10 6 )(184.7) = (4.40 x 10 6 )v c 
v c = 4340 m/s 


v = v c + Av c = 4340 + 660 




4 


’ = 5000 m/s A 
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PROBLEM 12.88 



To place a communications satellite into a geosynchronous 
orbit (see Problem 12.80) at an altitude of 22,240 mi above 
the surface of the earth, the satellite first is released from a 
space shuttle, which is in a circular orbit at an altitude of 
185 mi, and then is propelled by an upper-stage booster to 
its final altitude. As the satellite passes through A, the 
booster’s motor is fired to insert the satellite into an elliptic 
transfer orbit. The booster is again fired at B to insert the 
satellite into a geosynchronous orbit. Knowing that the 
second firing increases the speed of the satellite by 4810 ft/s, 
determine (a) the speed of the satellite as it approaches B 
on the elliptic transfer orbit, ( b ) the increase in speed 
resulting from the first firing at A. 
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PROBLEM 12.88 (Continued) 


(a) 


(b) 


Speed on transfer trajectory at B . 


(vA = 10-088 xlO 3 - 4810 
= 5.278 xlO 3 

Conservation of angular momentum for transfer trajectory . 

r A ( v A \ 


_ (138.336x! 0 6 )(5278) 
21.8856x10 s 
= 33.362 xlO 3 ft/s 


Change in speed at A . 


Av A=(Cl)tr-(Ct)circ 

= 33.362xl0 3 - 25.362xl0 3 
= 8.000 xlO 3 


5280 ft/s ◄ 


Av a = 8000 ft/s ◄ 
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PROBLEM 12.89 

A space shuttle S and a satellite A are in the circular orbits shown. In 
order for the shuttle to recover the satellite, the shuttle is first placed 
in an elliptic path BC by increasing its speed by Av B = 280 ft/s as it 
passes through B. As the shuttle approaches C, its speed is increased 
by Av' c = 260 ft/s to insert it into a second elliptic transfer orbit CD. 
Knowing that the distance from O to C is 4289 mi, determine the 
amount by which the speed of the shuttle should be increased as it 
approaches D to insert it into the circular orbit of the satellite. 


SOLUTION 


First note 

R = 3960 mi = 20.9088 xl0 6 ft 

r A = (3960 + 380) mi = 4340 mi = 22.9152xl0 6 ft 

r B = (3960 + 180) mi = 4140 mi = 21.8592xl0 6 ft 

For a circular orbit, 

y 2 

lLF n = ma n : F - m — 

r 

Eq. (12.28): 

f-g m " 

Then 

_ Mm v 2 

G —— = m — 
r r 

or 

v 2 _ GM _ gR Eq (12 29) 

r r 

Then 

2 _ 32.2 ft/s 2 x(20.9088xl0 6 ft) 2 

VAcirc_ 22.9152xl0 6 ft 

or 

(v A ) circ = 24,785 ft/s 

and 

2 _ 32.2 ft/s 2 x (20.9088 xlO 6 ft) 2 

VBckc ~ 21.8592xl0 6 ft 

or 

(v, ) circ = 25,377 ft/s 

We have 

( v B ) TRbc = (v B ) circ + Av b = (25,377 + 280) ft/s 


= 25,657 ft/s 
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PROBLEM 12.89 (Continued) 

Conservation of angular momentum requires that 



BC : r B m (v H ) TRbc = r c m (v c ) TRgc 

(1) 


CD: r c m (v c ) TRcd = r A m (v D ) TRcd 

(2) 

From Eq. (1) 

, „ r R , N 4140 mi „, 

( v c)r« BC _ (' v b\r bc ~ , 0 oq • x 25,657 ft/s 

BC r c 4289 mi 


Now 

= 24,766 ft/s 

0 'c)tr cd = ( v c )tr bc + Av c = (24,766 + 260) ft/s 


From Eq. (2) 

= 25,026 ft/s 

, . r c 4289 mi „ . 

( v d^tr cd - ( v c^tr cd - . x25,0^.6 ft/s 

CD r A CD 4340 mi 


Finally, 

= 24,732 ft/s 

(yA )circ = ( V D )r« co + Av D 


or 

Av d = (24,785 - 24,732) ft/s 


or 


Av Z) =53ft/s A 
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PROBLEM 12.90 


A 1 kg collar can slide on a horizontal rod, which is free to 
rotate about a vertical shaft. The collar is initially held at A by a 
cord attached to the shaft. A spring of constant 30 N/m is 
attached to the collar and to the shaft and is undeformed when 
the collar is at A. As the rod rotates at the rate d-\6 rad/s, the 
cord is cut and the collar moves out along the rod. Neglecting 
friction and the mass of the rod, determine (a) the radial and 
transverse components of the acceleration of the collar at A, 
(. b ) the acceleration of the collar relative to the rod at A, (c) the 
transverse component of the velocity of the collar at B. 


SOLUTION 

First note 

(a) F g = 0 and at A, 

F * = *(>•-<•„) __ ._£?* 

—J = 1 -- Trf ^r 

F, ~ ~F sp = 0 171-1 1- 


K)r= 0 < 

(a A )e=0 ◄ 

(. b ) = ma r : 

-F sp = m ( r - rO 1 ) 

Noting that 

«coiiar/rod = we have at A 


0 = m[a collar/rod - (150 mm)(16rad/s) 2 ] 


«collar/rod = 38400 

or 

( fl collar/ r od)A = 38 - 4m/s2 < 

(c) After the cord is cut, the only horizontal force acting on the collar is due to the spring. Thus, angular 
momentum about the shaft is conserved. 


r A m Oa )e = r B m Ofl )e where Oa )e = ? a % 

Then 

(y B ) e = I 30 mm [(150 mm)(16rad/s)] = 800 mm/s 

450 mm 

or 

(v B ) e = 0.800 m/s -4 
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PROBLEM 12.91 

A 1-lb ball A and a 2-lb ball B are mounted on a horizontal rod which 
rotates freely about a vertical shaft. The balls are held in the positions 
shown by pins. The pin holding B is suddenly removed and the ball 
moves to position C as the rod rotates. Neglecting friction and the mass 
of the rod and knowing that the initial speed of A is v A — 8 ft/s, determine 
(a) the radial and transverse components of the acceleration of ball B 
immediately after the pin is removed, ( b ) the acceleration of ball B 
relative to the rod at that instant, (c) the speed of ball A after ball B has 
reached the stop at C. 


SOLUTION 


Let r and 0 be polar coordinates with the origin lying at the shaft. 
Constraint of rod: 0 B = 0 A + n radians; d B — 0 A — 0\ 0 B = 0 A — 0. 



(a) Components of acceleration 

Sketch the free body diagrams of the balls showing the radial and 
transverse components of the forces acting on them. Owing to 
frictionless sliding of B along the rod, (F B ) r = 0. 

Radial component of acceleration of B. 

F r = m B (a B ) r : (a B ) r = 0 ◄ 

Transverse components of acceleration. 

(a A ) e = r A® + 2 r A 0 - rad 

( a B )e = r B& + 2r B <9 (1) 

Since the rod is massless, it must be in equilibrium. Draw its free body 
diagram, applying Newton’s 3rd Law. 

+)ZM ,o = 0: r A {F A ) e + r B {F B ) e = r A m A {a A ) g + r B m B (a B ) e = 0 


r A m A r ,\d + r B m li( r B^ + 2r B 0) = 0 


6 = 


—2 m B r B 0 

m A r A + m B r B 


At t — 0, r B — 0 so that 9 = 0. 

From Eq. (1), = 0 ^ 
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PROBLEM 12.91 (Continued) 

(ib ) Acceleration of B relative to the rod. 

At t - 0, iv A ) e = 8 ft/s = 96 in./s, 9 = 


i _ P ; A)g _ 96 


10 


= 9.6 rad/s 


r B@ ~ ( a B \ ~ 0 


'B 'B 


r B = r B 9~ = (8) (9.6) 2 = 737.28 in./ S - 


r B = 61.4 ft/s 2 ◄ 


(c) Speed of A. 

d 2 • 

Substituting — (mr 0) for rF g in each term of the moment equation 
dt 


gives 


~fX m A r A^) + ~f t [ m B r B 2 ^) = 0 


JfV " f dt' 

Integrating with respect to time, 

m A r A -0 + m B r B 0 = [m A r A 2 0^ + ( m B r B ~0 
Applying to the final state with ball B moved to the stop at C, 

4 


fW Ar 2 + 

Of = 

W A 2 Wn, n 9 
[+—(r B )o 

{ 8 8 J 


L <? 8 J 


= , .' ,( ' 0 V • ( ; ,(S,2 A9.6, = 3.5765 rad/s 


W A r A 2 +W B r c 2 ° 


(1)(10) 2 + (2)(16) 2 


(v A ) f = r A 0 f = (10X3.5765) = 35.765 in./s 


(v A ) f = 2.98 ft/s 4 
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PROBLEM 12.92 

Two 2.6-lb collars A and B can slide without friction on a frame, consisting of 
the horizontal rod OE and the vertical rod CD, which is free to rotate about 
CD. The two collars are connected by a cord running over a pulley that is 
attached to the frame at O and a stop prevents collar B from moving. The 
frame is rotating at the rate 0-12 rad/s and r = 0.6 ft when the stop is 
removed allowing collar A to move out along rod OE. Neglecting friction and 
the mass of the frame, determine, for the position r - 1.2 ft, (a) the 
transverse component of the velocity of collar A, (b) the tension in the cord 
and the acceleration of collar A relative to the rod OE. 


SOLUTION 

r\ s' 

Masses: m A = m R = —— = 0.08075 lb • s 2 /ft 
32.2 

(a) Conservation of angular momentum of collar A: (H 0 ) 2 = (H 0 \ 



m A r i(v*)i = m A r 2 (v e ) 2 


_ h(vg)i _ K6, _ (0.6) 2 (12) _ 


(v e ) 2 = 3.60 ft/s A 




q = M = M = 3.00 rad/s 
- r A 1.2 

( b ) Let y be the position coordinate of B, positive upward with origin at O. 
Constraint of the cord: r — y = constant or y — r 
Kinematics: 

(a B ) y = y = f and (a A ) r = r- rO 1 


Collar/?: EF V — m B a B : T - W B = m B y — m B r 

(1) 

Collar A: I/ 7 , = m A (a A ) r : - T = m A (r - rO 1 ) 

Adding (1) and (2) to eliminate T, 

(2) 

-W B = (m A + m B )r + m A rd 2 


_ ... _ m A rO 2 - W B _ (0.08075)(1.2)(3.00) 2 - (2.6) _ 

-10.70 ft/s 2 

m A + m B 0.08075 + 0.08075 


m B (r + g) = (0.08075)(-10.70 + 32.2) 

T = 1.736 lb ◄ 


a Ai ro d = 10.70 ft/s 2 radially inward. A 
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PROBLEM 12.93 


A small ball swings in a horizontal circle at the end of a cord of length /,, 
which forms an angle 9 X with the vertical. The cord is then slowly drawn 
through the support at O until the length of the free end is l 2 . (a) Derive a 
relation among /,, l 2 , 9 V and 9 2 . (h) If the ball is set in motion so that 
initially /, = 0.8 m and 9 X = 35°, determine the angle 9 2 when / 2 = 0.6 m. 
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PROBLEM 12.CQ6 


1 

oS=c|| 

-3I»—j 


L 


3ft—4--4ft — 


A uniform crate C with mass m c is being transported to the left by a forklift 
with a constant speed V\. What is the magnitude of the angular momentum 
of the crate about Point Z), that is, the upper left corner of the crate? 

(a) 0 

( b ) mv i a 

(c) mv\b 


(d) 


mv j 


fi 2 +b 2 


SOLUTION 

Answers: ( b ) The angular momentum is the moment of the momentum, so simply take the linear momentum, 
mv i, and multiply it by the perpendicular distance from the line of action of mv i and Point D. 
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PROBLEM 12.CQ7 


l. 

•fl 

J / ’T t . 

• "J '■ ' 

j 

oS 

=©Q 


[— .i ft —J-— -i ft —J 

-—3ft—j 


A uniform crate C with mass m c is being transported to the left by 
a forklift with a constant speed Vi. What is the magnitude of the 
angular momentum of the crate about Point A, that is, the point of 
contact between the front tire of the forklift and the ground? 


(a) 

0 

(b) 

mv\d 

(c) 

3/nvi 

id) 

mvif 2 + d 


SOLUTION 

Answer: ( b ) 
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PROBLEM 12.94 

A particle of mass m is projected from Point A with an initial 
velocity v 0 perpendicular to OA and moves under a central force F 
along an elliptic path defined by the equation r = r 0 /(2 -cos#). 
Using Eq. (12.37), show that F is inversely proportional to the 
square of the distance r from the particle to the center of force O. 


SOLUTION 


Solving for F, 


_ 1 _ 2 — cos 6 du _ sin 6 

r r 0 dO r 0 


d 1 u _ cos 0 
d9 2 ~ r 0 


d 2 u 2 F 

- T + u - — _ 

d0~ r 0 mh u 


by Eq. (12.37). 


2 mh 2 u 2 2 mh 1 


F = 


Since m, h, and r 0 are constants, F is proportional to -L, or inversely proportional to r 2 . 
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PROBLEM 12.95 

hO 

A particle of mass m describes the logarithmic spiral r = r () e under a central force F directed toward the 
center of force O. Using Eq. (12.37) show that F is inversely proportional to the cube of the distance r from 
the particle to O. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


450 





PROBLEM 12.96 


For the particle of Problem 12.74, and using Eq. (12.37), show that the 
central force F is proportional to the distance r from the particle to the 
center of force O. 

PROBLEM 12.74 A particle of mass m is projected from Point A with an 
initial velocity v 0 perpendicular to line OA and moves under a central 
force F directed away from the center of force O. Knowin g that the 
particle follows a path defined by the equation r — r 0 / yj cos 29 and using 
Eq. (12.27), express the radial and transverse components of the velocity v 
of the particle as functions of 0 . 
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PROBLEM 12.97 


A particle of mass m describes the path defined by the equation r = r 0 sin 6 under a central force F directed 
toward the center of force O. Using Eq. (12.37), show that F is inversely proportional to the fifth power of the 
distance r from the particle to O. 
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PROBLEM 12.98 

It was observed that during its second flyby of the earth, the Galileo spacecraft had a velocity of 14.1 km/s as 
it reached its minimum altitude of 303 km above the surface of the earth. Determine the eccentricity of the 
trajectory of the spacecraft during this portion of its flight. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


453 





PROBLEM 12.99 

It was observed that during the Galileo spacecraft’s first flyby of the earth, its maximum altitude was 600 mi 
above the surface of the earth. Assuming that the trajectory of the spacecraft was parabolic, determine the 
maximum velocity of Galileo during its first flyby of the earth. 
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PROBLEM 12.100 

As a space probe approaching the planet Venus on a parabolic trajectory 
reaches Point A closest to the planet, its velocity is decreased to insert it into a 
circular orbit. Knowing that the mass and the radius of Venus are 
4.87xl0 24 kg and 6052 km, respectively, determine (a) the velocity of the 
probe as it approaches A, ( b ) the decrease in velocity required to insert it into 
the circular orbit. 


SOLUTION 

First note r A = (6052 + 280) km = 6332 km 

(a) From the textbook, the velocity at the point of closest approach on a parabolic trajectory is given by 


Thus, 


or 


(b) We have 


Now 


Then 


2 GM 


(Vt) 


A ''par 


2 x 66.73 x 10~ 12 m 3 /kg • s 2 x 4.87 x 10 24 kg 


-|l/2 


6332x10 m 


= 10,131.4 m/s 


(Sa ) p ar = 10.13 km/s ◄ 


(Vdcirc =(k4)par+ A V4 

Eq. (12.44) 


(Vcirc 


GM 


V2 (VJf 


=^f(T4)par-(E4)par 


1 

f 1 

-j =-1 |(10.1314 km/s) 
.v 2 


= -2.97 km/s 


IAvJ = 2.97 km/s A 
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PROBLEM 12.101 

It was observed that as the Voyager I spacecraft reached the point of its trajectory closest to the planet Saturn, 
it was at a distance of 185xl0 3 km from the center of the planet and had a velocity of 21.0 km/s. Knowing 
that Tethys, one of Saturn’s moons, describes a circular orbit of radius 295 x 10 3 km at a speed of 11.35 km/s, 
determine the eccentricity of the trajectory of Voyager I on its approach to Saturn. 
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PROBLEM 12.102 

A satellite describes an elliptic orbit about a planet of mass M. 
Denoting by r 0 and /}, respectively, the minimum and maximum 
values of the distance r from the satellite to the center of the planet, 
derive the relation 


1 1_2 GM 

r o r i h 2 

where h is the angular momentum per unit mass of the satellite. 


SOLUTION 


Using Eq. (12.39), 

1 = GM + C cos 0 A 
r A h 

and 

1 = GM + C cos 8 b . 
r B h 

But 

~ +180°, 

so that 

cos 9 a = - cos 0 B . 

Adding, 

i i _ 1 i _2 GM 

r A r n r o r i h 2 
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PROBLEM 12.103 


A space probe is describing a circular orbit about a planet of radius R. The altitude of the probe above the 
surface of the planet is aR and its speed is vo. To place the probe in an elliptic orbit which will bring it closer 
to the planet, its speed is reduced from v 0 to /3v 0 , where J3 < l, by firing its engine for a short interval of 
time. Determine the smallest permissible value of /? if the probe is not to crash on the surface of the planet. 
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PROBLEM 12.104 

At main engine cutoff of its thirteenth flight, the space 
shuttle Discovery was in an elliptic orbit of minimum 
altitude 60 km and maximum altitude 500 km above the 
surface of the earth. Knowing that at Point A the shuttle had 
a velocity Vo parallel to the surface of the earth and that the 
shuttle was transferred to a circular orbit as it passed through 
Point B, determine (a) the speed v 0 of the shuttle at A, (b) the 
increase in speed required at B to insert the shuttle into the 
circular orbit. 


SOLUTION 


For earth, R- 6370 km = 6370x10 m 


Elliptic trajectory . 
Using Eq. (12.39), 

But 


GM = gR 2 = (9.81)(6370xl0 3 )“ = 3.9806xl0 14 nr/s“ 
r A = 6370 + 60 = 6430 km = 6430 xlO 3 m 
r B = 6370+500 = 6870 km = 6870xl0 3 m 


1 GM 1 GM „ . 

— = —— + C cos 6 a and — = —— + C cos U B . 
r A h- r B h~ 

0 H = 9 A + 180°, so that cos d A = — cos 0 B 


11 r A + r B 2 GM 

Adding, - 1 -= —- — = —— 

r A r B r A r B h 


h = 


2 GMr A r B 


r A +r B V 


(2X3.9806x 10 14 X6430X10 3 )(6870x 10 3 ) = ^ 422xl() 9 m 2 /s 


6430xl0 3 + 6870xl0 3 


(a) Speed v 0 at A. 


h 51.422x10 

V n = V A = -= - 


Vn ~ I A — — , 

r A 6430 xlO 3 

, , h 51.422x10 s „ . a 3 . 

(Vn ), = — =- — = 7.48497 x 10 m/s 

r A 6870X10 3 


= 8.00xlO 3 m/s ◄ 


For a circular orbit through Point B, 

B )circ 

(b) Increase in speed at Point B . 


GM 


->14 


3.9806x10 , n3 , 

= 7.6119xl0 3 m/s 


r B V 6870xlO 3 
a Eb = (Vb)cuc - (Eb)i = 126.97 m/s 


Avo = 127 m/s A 
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PROBLEM 12.105 


Approach trajectory 



A space probe is to be placed in a circular orbit of 5600 mi 
radius about the planet Venus in a specified plane. As the 
probe reaches A, the point of its original trajectory closest to 
Venus, it is inserted in a first elliptic transfer orbit by 
reducing its speed by Av a . This orbit brings it to Point B 
with a much reduced velocity. There the probe is inserted in a 
second transfer orbit located in the specified plane by 
changing the direction of its velocity and further reducing its 
speed by Av B . Finally, as the probe reaches Point C, it is 
inserted in the desired circular orbit by reducing its speed by 
Av c . Knowing that the mass of Venus is 0.82 times the mass 
of the earth, that r A - 9.3 x 10 3 mi and r B = 190 x 10 1 mi, and 
that the probe approaches A on a parabolic trajectory, 
determine by how much the velocity of the probe should be 
reduced (a) at A, (b) at B. (c) at C. 


SOLUTION 

For Earth, 

For Venus, 

For a parabolic trajectory with 


First transfer orbit AB . 

At Point A, where 0 = 180° 


At Point 5, where 0-0° 


R = 3690 mi = 20.9088 x 10 6 ft, g = 32.2 ft/s 2 

6x2 


GM earth = gR z = (32.2X20.9088x 10° ) z = 14.077 xlO 15 ft 3 /s 2 
GM = 0.82GM earth = 11.543 xlO 15 ft 3 /s 2 
r A = 9.3xl0 3 mi = 49.104xl0 6 ft 


(VA = *'esc = , 


2 GM 


(2)(11.543xl0 ls ) _ 21 683xl0 3 ft/s 
1 49.104X10 6 


r B — 190xl0 3 mi = 1003.2xl0 6 ft 


^ + Ccosl 80 ° = ^-C 


GM GM 

—-—b C cos 0 = —--b C 


l AB 


L AB 


Adding, 


r A r D 


' A' B 


2 GM 


AB 


(i) 


(2) 
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PROBLEM 12.105 (Continued) 


Solving for h AB , 


\ 2GMr A r B _ | (2)(11.543xl0 15 )(49.104xl0 6 )(1003.2xl()*)~ 

AB ~]I r B +r A "V 1052.3X10 6 


039575xl0 12 ft 2 /s 


(v A )i= — ■ 


1.039575X10 1 

49.104X10 6 


12 


■ = 21.174xl0 3 ft/s 


1.039575x10' 


12 


(v„), = ^ = —■—^ = 1.03626 xlO 3 ft/s 


l Bn 

r B 

Second transfer orbit BC . 

At Point B, where 0-0 

At Point C, where 0 = 1 80° 

1 GM 


1003.2x10° 


r c = 5600 mi = 29.568 x 10° ft 


1 GM ^ n GM „ 
- — —~ h C COS 0 — —. h C 


'C 


h, 


‘BC 


+ C cos 180° = - C 


l BC 


BC 


l BC 


Adding, 


1 1 _ r B +r c _ 2 GM 

r B r C r B r C hl c 


2GMr B r c _ | (2)(11.543x10 )(1003.2xl0 )(29.568xl0 ) =814 278 x ^q 9 ft 2 / s 


r B +r C 


1032.768x10° 


(y b ^2 


‘BC 


814.278x10 

1003.2x10 s 


= 811.69 ft/s 


V= 814jW =27 . 539x|0 3 Wg 


29.568x10° 


Final circular orbit. 


r c =29.568x10° ft 


( v c)2 ' 


GM 


11 - 543XlQi ; = 19.758 xlO 3 ft/s 
1 29.568 x10 s 


Speed reductions . 


(a) 

At A: 

(v A )i-(v A ) 2 =21.683xl0 3 -21.174xl0 3 

Av a = 509 ft/s ◄ 

( b ) 

At B: 

(v B )i-(v B ) 2 =1.036xl0 3 -811.69 

Av B = 224 ft/s ◄ 

(c) 

At C: 

(v c )i -(v c ) 2 =27.539xlO 3 -19.758xlO 3 

Av c =7.78xlO 3 ft/s ◄ 
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PROBLEM 12.106 

For the space probe of Problem 12.105, it is known that r A = 9.3xl0 3 mi and that the velocity of the probe is 
reduced to 20,000 ft/s as it passes through A. Determine (a) the distance from the center of Venus to Point B, 
( b ) the amounts by which the velocity of the probe should be reduced at B and C, respectively. 
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-202 x 10° mi 


92 X 10 6 mi 



-164.5 x 10** mi 



PROBLEM 12.107 

As it describes an elliptic orbit about the sun, a spacecraft reaches 
a maximum distance of 202 x 10 6 mi from the center of the sun at 
Point A (called the aphelion) and a minimum distance of 92 x 10 6 mi 
at Point B (called the perihelion). To place the spacecraft in 
a smaller elliptic orbit with aphelion at A' and perihelion at B', 
where A' and B' are located 164.5 x 10 6 mi and 85.5xl0 6 mi, 
respectively, from the center of the sun, the speed of the spacecraft 
is first reduced as it passes through A and then is further reduced as 
it passes through B'. Knowing that the mass of the sun is 
332.8 x 10 3 times the mass of the earth, determine (a) the speed of 
the spacecraft at A, ( b ) the amounts by which the speed of the 
spacecraft should be reduced at A and B' to insert it into the 
desired elliptic orbit. 
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PROBLEM 12.107 (Continued) 


( b ) From Part (a), we have 


2 GM mn = (r A v A ) 


1 1 

-1— 


Then, for any other elliptic orbit about the sun, we have 


1 1 _ 

>\ r 2 


( r A V A) 2 (^ + ^) 


For the elliptic transfer orbit AB', we have 

r l=f4> r 2 = r B’’ h = K = r A ( V A \ 
( r A V A) 2 (^ + ^) 


Then 


or 


r A r B' [r A {v A \V 


(Vx)tr = V A 


( L + J V /2 


V r A J 


/ \l/2 

l + - A 


= v. 


1 + ^ 

v r * j 


= (52,431 ft/s) 
= 51,113 ft/s 


/' I | 202 ^ 

T 92 

1 i 202 

v 1 + 85.5 y 


1/2 


Now 

Then 

For the elliptic orbit A'B', we have 


K = ( /j a) tr = (V)tr : = Of'K'ltr 

(iy) tr = 202x10 mi x51,l 13 ft/s = 120,758 ft/s 
B lx 85.5 xlO 6 mi 


r \ = r A', r 2 = r B ’, h = r B -v B ’ 


Then 


or 


r A' r B' 


( r A V A ) 2 (f + f) 


0«'V) 


V H ' = v. 




1 _L 1 




= (52,431 ft/s) 


V r x v 7 

202xl0 6 mi 


85.5x10 mi 


7 1 | l ^ 2 

202 xlO 6 92xl0 6 
1 +_ 1 
^ 164.5xlO 6 85.5xlO 6 ) 


= 116,862 ft/s 
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PROBLEM 12.107 (Continued) 


Finally, 

(Vtr = V A+ A ' ; A 


or 

Av a =(51,113-52,431) ft/s 


or 


IAv a I = 1318 ft/s ◄ 

and 

V=K')tr +Av B 


or 

Av b - = (116,862-120,758) ft/s 

= -3896 ft/s 


or 


IAv b I = 3900 ft/s ◄ 
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PROBLEM 12.108 

Halley’s comet travels in an elongated elliptic orbit for which the minimum distance from the sun is 
approximately j r E , where r E = 150x10 6 km is the mean distance from the sun to the earth. Knowing that the 
periodic time of Halley’s comet is about 76 years, determine the maximum distance from the sun reached by 
the comet. 
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PROBLEM 12.109 

Based on observations made during the 1996 sighting of comet Hyakutake, it was concluded that the 
trajectory of the comet is a highly elongated ellipse for which the eccentricity is approximately e = 0.999887. 
Knowing that for the 1996 sighting the minimum distance between the comet and the sun was 0.230 R E , 
where R E is the mean distance from the sun to the earth, determine the periodic time of the comet. 
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Second transfer orbit 


Approach trajectory 


First x 
transfer 
orbit 



PROBLEM 12.110 

A space probe is to be placed in a circular orbit of radius 4000 km 
about the planet Mars. As the probe reaches A, the point of its 
original trajectory closest to Mars, it is inserted into a first 
elliptic transfer orbit by reducing its speed. This orbit brings it 
to Point B with a much reduced velocity. There the probe is 
inserted into a second transfer orbit by further reducing its 
speed. Knowing that the mass of Mars is 0.1074 times the mass 
of the earth, that r A - 9000 km and r B = 180,000 km, and that 
the probe approaches A on a parabolic trajectory, determine the 
time needed for the space probe to travel from A to B on its first 
transfer orbit. 
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PROBLEM 12.111 

A space shuttle is in an elliptic orbit of eccentricity 0.0356 and a minimum altitude of 300 km above the 
surface of the earth. Knowing that the radius of the earth is 6370 km, determine the periodic time for the orbit. 
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PROBLEM 12.112 

The Clementine spacecraft described an elliptic orbit of minimum 
altitude h A = 400 km and a maximum altitude of h B = 2940 km 
above the surface of the moon. Knowing that the radius of the 
moon is 1737 km and that the mass of the moon is 0.01230 times 
the mass of the earth, determine the periodic time of the spacecraft. 


SOLUTION 


For earth, 

R = 6370 km = 6.370x 10 6 m 


GM =gR 2 =(9.81)(6.370xl0 6 ) 2 = 398.06x 10 12 m 3 /s 2 

For moon, 

GM = (0.01230)(398.06xl0 12 ) = 4.896 xlO 12 m 3 /s 2 


r A = 1737 + 400 = 2137 km = 2.137xl0 6 m 

r B = 1737 + 2940 = 4677 km = 4.677 x 10 6 m 

Using Eq. (12.39), 

1 GM 1 GM 

— = —— + C cos 0 A and — = —— + C cos 0 B . 
r A h r B h 

But 

0 B -0 A + 180°, so that cos 0 A = - cos 0 B . 

Adding, 

11 r A + r B 2 GM 

r A r s r A r B h 2 AB 


2GMr A r B _ /(2)(4.896xl0 12 )(2.137xl0 s )(4.677xl0 s ) 

7aB ~]I r A + r B \ 6.814x10 s 


= 3.78983xl0 9 m 2 /s 


a = ~( r A + v b) — 3.402x10 s m 


b = \l r A r B ~ 3.16145x10 s m 

Periodic time. 

2 Ttab _ 2^(3.402xl0 s )(3.16145x 10 s ) _ r 
h AB 3.78983X10 9 


r = 4.95 h ◄ 
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PROBLEM 12.113 

Determine the time needed for the space probe of Problem 12.100 to travel from B to C. 


SOLUTION 


From the solution to Problem 12.100, we have 


(v A ) par = 10,131.4 m/s 

and 

(' v a )circ = ^ (y A ) par = 1 1 ' 64.0 m/s 

Also, 

r A = (6052 + 280) km = 6332 km 

For the parabolic trajectory BA, we have 


1 = GI f" (l + ecosB) [Eq. (12.39')] 

r hBA 

where £ = ]. Now 


at A, 6> = 0: 

+ 

ii 

-1 ^ 

or 

r - k SA 

A 2 GM V 

at B, 0 = -90°: 

1 = G “’< 1 + 0) 
r B h ba 

or 

1 

B GM v 


(N 

II 

l? 

As the probe travels from B to A, the area swept out is the semiparabolic area defined by Vertex A and 

Point B. Thus, 

, ,2 4 2 

(Area swept out) BA =A BA =-r A r B =-r A 

Now 

dA_l 
dt 2 

where h = constant 
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PROBLEM 12.114 

A space probe is describing a circular orbit of radius nR with a velocity vo 
about a planet of radius R and center O. As the probe passes through Point A, 
its velocity is reduced from v 0 to J3v o, where J3 < 1, to place the probe on 
a crash trajectory. Express in terms of n and [3 the angle A OB, where B 
denotes the point of impact of the probe on the planet. 


SOLUTION 

For the circular orbit, 

The crash trajectory is elliptic. 


At Point A, <9 = 180° 


At impact Point B , 0 ~ n - < 


r Q = r A = nR 


GM GM 


nR 


v A = Pv Q = 


fJ-GM 

nR 


h = r A v A = nRv A - ^p 2 nGMR 

GM _ 1 

h 2 ~ p 2 nR 

1 GM /t ^ 1 + e cos 0 

- = — 5 -(l + £ cos 9 =--- 

r h 2 P~nR 


1 1 \-£ 


r A nR p 2 nR 


or p 2 -1 - e or £-1 - p 2 


1 _ 1 

r B R 

1 l + £ COS (7T — (f)) \ — £ COS (]) 

R ~ p 2 nR 
£ cos (/) — \ — np 2 or 


COS 0 - 


p 2 nR 

1 — nP 2 _ \ — nP 2 


i _ R 2 


^ = cos '[(1 -np 2 )/(l-p 2 )\ -4 
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PROBLEM 12.115 

A long-range ballistic trajectory between Points A and B on the earth’s 
surface consists of a portion of an ellipse with the apogee at Point C. 
Knowing that Point C is 1500 km above the surface of the earth and 
the range R(/> of the trajectory is 6000 km, determine (a) the velocity 
of the projectile at C, ( b ) the eccentricity £ of the trajectory. 


SOLUTION 

For earth, R = 6370 km = 6.37 x 10 6 m 

GM = gR 2 = (9.81)(6.37 x 10 6 ) 2 - 398.06 x 10 12 m 3 /s 2 
For the trajectory, r c = 6370 + 1500 = 7870 km = 7.87 x 10 6 m 

r .=r R =R = 6.37 x 10 6 m, = 1 -^- = 1.23548 

r A 6370 


Range A to B: s AB = 6000 km = 6.00 x 10 6 m 


(P 


s AB 6.00 x 10 6 


R 6.37 xlO 6 


= 0.94192 rad = 53.968 c 


.—, .... . 1 GM 

For an elliptic trajectory, — = ——(I + ecos6) 

r h 

At A, 9 - 180° - — = 153.016°, — = ^-(1 + £-cosl53.016°) 

2 r A h 2 

At C, 9 - 180°, — = 

r c h 


Dividing Eq. (1) by Eq. (2), 


r _c_ = 1 + £cos153.016° = { 2354§ 
r, 1 - £ 


£ = 


1.23548 -1 


1.23548 + cosl53.016° 


= 0.68384 


( 1 ) 

(2) 
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PROBLEM 12.115 (Continued) 


From Eq. (2), h = yjGM (1 - e)r c 


h = 7(398.06 x10 12 )(0.31616)(7.87x 10 6 ) = 31.471 x 10 9 m 2 /s 


(a) Velocity at C. v r — — — x 12 = 4 qo x 10 3 m/s 

C r c 7.87 xlO 6 

v c — 4 km/s M 

( b ) Eccentricity of trajectory. 

e = 0.684 ◄ 
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PROBLEM 12.117 



As a spacecraft approaches the planet Jupiter, it releases a probe which is to 
enter the planet’s atmosphere at Point B at an altitude of 280 mi above the 
surface of the planet. The trajectory of the probe is a hyperbola of 
eccentricity £ = 1.031. Knowing that the radius and the mass of Jupiter are 
44423 mi and 1.30xl0 26 slug, respectively, and that the velocity \ B of the 
probe at B forms an angle of 82.9° with the direction of OA, determine 
(a) the angle AOB, (b) the speed v B of the probe at B. 
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PROBLEM 12.118 


A satellite describes an elliptic orbit about a planet. Denoting by r 0 
and r x the distances corresponding, respectively, to the perigee and 
apogee of the orbit, show that the curvature of the orbit at each of 
these two points can be expressed as 

J_ = lfj_ + C 

p 2 1 r o n , 


SOLUTION 



Using Eq. (12.39), 

1 = GM + C cos 0 A 
r A h 


and 

1 = GM + C cos 9 b . 
r B h 


But 

9 b =#4+180°, 


so that 

cos 0 A = - cos 0 B 


4JJ . 11 2 GM 

Adding, — + — = —— 

r A r B h 

At Points A and 5, the radial direction is normal to the path. 

2 7 2 

v h 

a n=~ = — 

P rp 


But 

_ GMm mh 2 

F n= 2 = mC, n = 2 

r r p 



1 GM 1 f 1 1^1 

P h 2 2 [^r A r B J 

i ifi 

— =-+ — ◄ 

p 2 Go r i ) 
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PROBLEM 12.119 

(a) Express the eccentricity e of the elliptic orbit described by 
a satellite about a planet in terms of the distances r 0 and r\ 
corresponding, respectively, to the perigee and apogee of the 
orbit. ( b ) Use the result obtained in Part a and the data given in 
Problem 12.109, where R E = 149.6 xlO 6 km, to determine the 
approximate maximum distance from the sun reached by 
comet Hyakutake. 


SOLUTION 




(a) We have 

1 GM n 

- = —— (1 + fCOS 0) 

r h 

Eq. (12.39') 


At A, <9 = 0: 

1 GM 

= , 2 (X + £) 

r o h 



or 

h 2 

= rJ\ +£) 

GM 0 



At B, <9 = 180°: 

1 GM n 
= ,2 0 £) 

i] h 



or 

h 2 

- = b(\~£) 

GM 1 



Then 

r 0 (l + e) = r 1 (l-£) 



or 



f = ri “ r ° ◄ 
r i + r o 

(b) From above, 

l + E 

b = , r o 

\ — £ 



where 

r 0 - 0.230 R e 



Then 

= 1 + 0 - 999887 x0 230(149.6xl0 9 m) 
1-0.999887 


or 



r t =609xl0 12 m ◄ 

Note: i\ = 4070 R E 

or r } = 0.064 lightyears. 
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PROBLEM 12.120 

Derive Kepler’s third law of planetary motion from Eqs. (12.39) and (12.45). 


SOLUTION 


For an ellipse. 

2 a — r A + r B and b = .Jr A r B 

Using Eq. (12.39), 

1 = GM + C cos 0 A 
r A h 

and 

1 = GM +Ccos<V 
r B h 

But 

0 b = 9 a + 180°, 

so that 

cos 0 A = - cos 0 B . 

Adding, 

1^1 r A + r B 2 a 2 GM 

r A r B r A r B b 2 h 2 

V a 

By Eq. (12.45), 

27zab 2nab^a 2na in 
h h^GM yjGM 

a 2 3 

2 4 n a 

T - - 

GM 

For Orbits 1 and 2 about the same large mass, 


2 _ Ak-oI 

1 GM 

and 

a 2 3 

2 4 n a 2 

— 

GM 

Forming the ratio, 


( _ V 2 ( V 

h_ _ ^ 

) \ a 2 ) 
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PROBLEM 12.122 


In the braking test of a sports car its velocity is reduced from 70 mi/h to zero in a distance of 170 ft with 
slipping impending. Knowing that the coefficient of kinetic friction is 80 percent of the coefficient of static 
friction, determine (a) the coefficient of static friction, (I?) the stopping distance for the same initial velocity if 
the car skids. Ignore air resistance and rolling resistance. 
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PROBLEM 12.123 

A bucket is attached to a rope of length L — 1.2 m and is made to revolve in 
a horizontal circle. Drops of water leaking from the bucket fall and strike 
the floor along the perimeter of a circle of radius a. Determine the radius a 
when <9 = 30°. 



Initial velocity of drop = velocity of bucket 

= 0: T cos30° = mg (1) 

-±- YjF x = ma x : T sin 30° = ma n (2) 

2 

Divide (2) by (1): tan 30° = -*■ = — 

8 P8 

Thus v 2 = /?gtan30° 

But p = L sin 30° = (1.2 m) sin 30° = 0.6 m 

Thus v 2 = 0.6(9.81) tan 30° = 3.398 m 2 /s 2 v = 1.843 m/s 

Assuming the bucket to rotate clockwise (when viewed from 
above), and using the axes shown, we find that the components 
of the initial velocity of the drop are 

(v 0 ) x = 0, (v 0 )_ v = 0, (v 0 ) 2 = 1.843 m/s 
Free fall of drop 

y = yo + (v 0 )/-_Lgr y = y 0 -L gt 2 

When drop strikes floor: 

y = ° yo-j8t 2 = o 

But y 0 = 2L- Lcos30° = 2(1.2) - 1.2cos30° = 1.361 m 

Thus 1.361 - —(9.81)t 2 =0 t = 0.5275 

2 
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121b 



PROBLEM 12.124 

A 12-lb block B rests as shown on the upper surface of a 30-lb wedge A. 
Neglecting friction, determine immediately after the system is released from 
rest (a) the acceleration of A, (b) the acceleration of B relative to A. 
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PROBLEM 12.125 


A 500-lb crate B is suspended from a cable attached to a 40-lb trolley A 

^ c .Y'd 

which rides on an inclined I-beam as shown. Knowing that at the 


instant shown the trolley has an acceleration of 1.2 ft/s 2 up and to the 

lp' 25° A 

right, determine (a) the acceleration of B relative to A, (b) the tension in 

B 

cable CD. 
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PROBLEM 12.126 

The roller-coaster track shown is contained in a vertical 
plane. The portion of track between A and B is straight and 
horizontal, while the portions to the left of A and to the 
right of B have radii of curvature as indicated. A car is 
traveling at a speed of 72 km/h when the brakes are 
suddenly applied, causing the wheels of the car to slide on 
the track {ju k = 0.25). Determine the initial deceleration 
of the car if the brakes are applied as the car (a) has almost 
reached A, ( b ) is traveling between A and B. (c) has just 
passed B. 
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PROBLEM 12.126 (Continued) 


or 


N r +N f =m(g-a n ) 

F = Mk (N k +n f) = Mk m (S ~ a n ) 

XF r = ma r : — F — ma, 

F 

a, =- = ~Mk(s ~a„) 

m 

\a t \ = jU k (g - a n ) = (0.25)(9.8 1 - 8.8889) 


\a t I = 0.230 m/s 2 ◄ 
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D 


PROBLEM 12.127 



The 100-g pin B slides along the slot in the rotating arm OC 
and along the slot DE which is cut in a fixed horizontal plate. 
Neglecting friction and knowing that rod OC rotates at the 
constant rate 0 {) = 12 rad/s, determine for any given value of 6 
( a ) the radial and transverse components of the resultant force F 
exerted on pin B, ( b ) the forces P and Q exerted on pin B by 
rod OC and the wall of slot DE, respectively. 
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PROBLEM 12.127 (Continued) 


and 


Kinetics 


(a) We have 


or 


and 


or 


( b ) Now 


or 


or 


or 


or 


a g — rO + 2 rd 


= 0 + 2 


' , sin 9 ^ 
2.4 


y COS 0 J 


( 12 ) 


57.6 


sin 9 


y COS 9 J 


m/s 2 


F r — m B a r = (0.1 kg) 


( sin ’9 ' 


57.6 , 

m/s 2 

l cos~ 9 j 



F 0 =m B a g = (0.1 kg) 


f sin 9 ' 


57.6 

m/s- 

^ COS“# J 



+1 £F V : F g cos 9 + F r sin 9 - P cos 9 


P = 5.76 tan 9 sec 9 + (5.76 tan 9 sec 9) tan 9 


F r =(5.76 N) tan 2 #sec# ◄ 


F g = (5.76 N) tan 9 sec 9 M 

5 .' 


V'. 




P = (5.76 N) tan 9 sec 2 9 \ 9 ◄ 


+/ IF r : F r =0 cos 9 


Q - (5.76 tan 2 9 sec #) 


cos 


Q = (5.76 N)tan 2 #sec 2 <9—*- 4 
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PROBLEM 12.128 (Continued) 


( b ) and (c) 

First observe that for an arbitrary value of # it is not known whether the impending motion will be upward or 
downward. To consider both possibilities for each value of 6. let Fd 0W n correspond to impending motion 
downward, F up correspond to impending motion upward, then with the “top sign” corresponding to F dow „, 

we have 


Now 

Then 

or 

and 


+} YjF y = 0: /Vcos#± Fsin# —W c =0 

F = M s N 

/Vcos#±/r s /Vsin#-;n c g =0 


N = - 


™ c 8 


F = 


cos 0 ± jU s sin 0 

Ms m c8 
cos 0 ± p s sin 0 



v, 


-i- 'LF n = m c a n : N sin 0 + F cos 0 = m c — 

P 


p-r sin <9 


Substituting for N and F 


m c8 


cos 0 ± p s sin 0 


-sin6^ + ■ 


Ps m c8 


or 


or 


cos 0 ± p s sin 0 
tan 0 _ p s 


v r 

cos 0 = m c —— 


Vr 


rsin# 

2 


l±ppan0 \±p s ian0 grsin# 
tan0- 


P 


= +- 


grsin^ 


i + 


gr sin 6 


tan# 


Now 

Then 

(b) 0 = 75 c 


2 

V C 


[(3.6 m/s) sin #]' 
gr sin 0 (9.81 m/s 2 )(0.6 m) sin# 

tan #-2.2018 sin# 


= 2.2018 sin# 


Ms =± - 


l + 2.2018sin# tan# 


= ± tan75°-2,2018sin75° =±Q n% 
1 + 2.2018 sin 75° tan 75° 
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PROBLEM 12.128 (Continued) 

Then 

downward: 

ju s =+0.1796 

upward: 

ju s < 0 not possible 

(// s ) min =0.1796 ◄ 

The direction of the impending motion is downward. M 

(c) e = 45° 


_ ± tan45°-2.2018sin45° 

1 + 2.2018 sin 45° tan 45° 

Then 

downward: 

ju s < 0 not possible 

upward: 

Ms =0-218 (/Omin =0.218 -4 

The direction of the impending motion is upward. M 

Note: When 

tan 0 - 2.2018 sin 0 = 0 

or 

<9 = 62.988°, 

/u s = 0. Thus, for this value of 0, friction is not necessary to prevent the collar from sliding on the rod. 
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PROBLEM 12.129 

Telemetry technology is used to quantify kinematic values of a 200-kg 
roller coaster cart as it passes overhead. According to the system, 
r = 25 m, r = -10 m/s, r = -2 m/s 2 , 0 = 90°, 0 = -0.4 rad/s, 0 = 
-0.32 rad/s 2 . At this instant, determine (a) the normal force between 
the cart and the track, ( b ) the radius of curvature of the track. 


SOLUTION 






Find the acceleration and velocity using polar coordinates. 
v r = r = -10 m/s 

v d = r0 = (25 m)(-0.4 rad/s) = -10 m/s 
So the tangential direction is 'Tf 45° and v = I O-Jl m/s. 

a,. = r - r0 2 = -2 m/s - (25 m)(-0.4 rad/s) 2 
= -6 m/s 2 

a e ~ 

= (25 m)(-0.32) rad/s 2 1 +2(-10 m/s)(-0.4 rad/s) 
= 0 

So the acceleration is vertical and downward. 

(o) To find the normal force use Newton’s second law. 
y-direction 

N - mg sin 45° = -macos45° 

N = m(gsin45° - rzcos45°) 

= (200 kg)(9.81) m/s 2 - 6 m/s 2 )(0.70711) 
= 538.815 N 

( b ) Radius / curvature of the track. 

2 


N = 539 N ◄ 


a,, 


v 

P 
..2 


P = 


(10V2) 2 


a„ 6 cos 45° 


p — 47.1 m -4 
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PROBLEM 12.130 

The radius of the orbit of a moon of a given planet is equal to twice the radius of that planet. Denoting 
by p the mean density of the planet, show that the time required by the moon to complete one full revolution 
about the planet is (24 7rlGp) vl , where G is the constant of gravitation. 
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= 3960 mi 


50 mi 170 mi 


PROBLEM 12.131 

At engine burnout on a mission, a shuttle had reached Point A at an 
altitude of 40 mi above the surface of the earth and had a horizontal 
velocity Vo. Knowing that its first orbit was elliptic and that the shuttle 
was transferred to a circular orbit as it passed through Point B at an 
altitude of 170 mi, determine (a) the time needed for the shuttle to 
travel from A to B on its original elliptic orbit, ( b ) the periodic time of 
the shuttle on its final circular orbit. 


SOLUTION 



For Earth, 

R = 3960 mi = 20.909 xlO 6 ft, g = 32.2 ft/s 2 



GM = gR 2 = (32.2)(20.909 x 10 6 ) 2 = 14.077 xlO 15 ft 3 /s 2 


(a) For the elliptic orbit, 

=3960 + 40 = 4000 mi = 21.12x10 s ft 
r B =3960 + 170 = 4130 mi = 21.8064x10 s ft 



a = |(r A +r B ) = 21.5032x10 s ft 



b = \l r A r B = 21.4605 x10 s ft 


Using Eq. 12.39, 

1 = GM + Ceos #4 

r A h 


and 

1 = GM + C cos 9 b 
r B r B 


But d B =#4+180°, 

so that cos# A = — cos 0 B 


Adding, 

or 

1^1 r A + r B 2 a 2 GM 

r A r B r A r B b 2 h 2 

hJ GMb2 

V a 


Periodic time. 

27rab 27icib\[a 2 no 212 

h sjGMb 2 'JGM 

2^(21.5032 x 10 s ) 3/2 

T = — =— = 5280.6 s = 1.4668 h 

V14.077X10 15 


The time to travel from A to B is one half the periodic time 



t ab = 0.7334 h 

t ab ~ 44-0 min ^ 
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PROBLEM 12.131 (Continued) 


( b ) For the circular orbit, 

a— b — r B = 21.8064xl0 6 ft 



2 7ia' 2 2/r(21.8064 xl0 6 ) 3/2 cono 

^circ /- 1 - 5393 s 

VGM Vl4.077xl0 15 



r C irc= 1-498 h 

^circ = 89.9 min ◄ 
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PROBLEM 12.132 

It was observed that as the Galileo spacecraft reached the point on its trajectory closest to Io, a moon of the 
planet Jupiter, it was at a distance of 1750 mi from the center of Io and had a velocity of 49.4xl0 3 ft/s. 
Knowing that the mass of Io is 0.01496 times the mass of the earth, determine the eccentricity of the trajectory 
of the spacecraft as it approached Io. 


SOLUTION 


/ 

First note 

r 0 = 1750 mi =9.24xl0 6 ft 
dearth = 3960 mi = 20.9088 xlO 6 ft 

OH" 

We have 

1 = G1 f (l + £cos0) Eq. (12.39) 
r h 


At Point O, 

r = r 0 , 0 = 0, h = h 0 = r 0 v 0 


Also, 

GM Io = G(0.01496M earth ) 



= 0.01496 g/? 2 lllh using Eq. (12.30). 


Then 

1 _ 0.01496gi?Lh (1 , 

r o (r 0 v 0 ) 2 


or 

£= r ° V ° 2 1 

0.01496^ 

(9.24x10 s ft)(49.4xl0 3 ft/s) 2 ] 

~~ 0.01496(32.2 ft/s 2 )(20.9088x 10 s ft) 2 


or 


f = 106.1 ◄ 
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PROBLEM 12.133* 




Disk A rotates in a horizontal plane about a vertical axis at the 
constant rate O 0 =10 rad/s. Slider B has mass 1 kg and moves in a 
frictionless slot cut in the disk. The slider is attached to a spring of 
constant k, which is undeformed when r = 0. Knowing that the slider 
is released with no radial velocity in the position r = 500 mm, 
determine the position of the slider and the horizontal force exerted on 
it by the disk at t = 0.1 s for (a) k -100 N/m, ( b ) k = 200 N/m. 
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PROBLEM 12.133* (Continued) 


dr 

— — r — 0 and at t = 0, r 0 = 0.5 m 
dt 


/• r /• 0.1 

dr=\ (0 )dt 

J r n J o 


• = 0.5 m A 


Note: r — 0 implies that the slider remains at its initial radial position. 
With r = 0, Eq. (2) implies 

(b) k = 200 N/m 

Substituting the given values into Eq. (1) 

r + --(10 rad/s) 2 r = 0 
_lkg 

r + 100 r = 0 


F„=0 ◄ 


.. d ... 

r = — (r) r — v 

dt 


d _ dr d _ d 
dt dt dr ' dr 


so that 


v ^ J - + I00r = 0 
dr 


At t = 0, v,. = 0, r = r () : 


J'Vv,=-100j'r<fr 


v 2 =-100 (r 2 -rh 


V r = l 0 V'b - '' 




At t = 0, r = r 0 : 


ji Jo 


■ = 10 dt = lOr 
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PROBLEM 12.133* (Continued) 


Let 

r = 


/• sin _ 1 (r/r 0 ) 

Then 

L - 


r 0 sin </), dr = r 0 cos (t>d(j) 


r 0 cos (fidcf) 


= 10 1 


f sin *( r/r 0 ) 

Jtt/2 


d(/) = 10r 


Then 

Finally, at t = 0.1 s: 


( .. A 


sin 


-l 


- — = 10 1 
2 


r - r n sin I lOt + — 


2y 

r = — (5 m/s)sinl0r 


= r 0 coslOf = (0.5 ft)cosl0t 


r = (0.5 ft)cos (10x0.1) 


Eq. (2) 


F h — 1 kgx2x[-(5 ft/s)sin(10x0.1)] (10 rad/s) 


r = 0.270 m ◄ 

F h = -84.1 N ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


504 




CHAPTER 13 







vb 

*-</—H 

PROBLEM 13.CQ1 

Block A is traveling with a speed Vo on a smooth surface when the 
surface suddenly becomes rough with a coefficient of friction of fi 
causing the block to stop after a distance d. If block A were traveling 

* 

twice as fast, that is, at a speed 2vo, how far will it travel on the rough 

m 


surface before stopping? 

f 


(a) dll 

(b) d 

smooth' 

' rough 



(c) 4ld 

(i d) Id 

(e) Ad 


SOLUTION 

Answer: ( e ) 
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PROBLEM 13.1 

A 400-kg satellite was placed in a circular orbit 1500 km above the surface of the earth. At this elevation the 
acceleration of gravity is 6.43 m/s 2 . Determine the kinetic energy of the satellite, knowing that its orbital 
speed is 25.6xl0 3 km/h. 


SOLUTION 



Mass of satellite: 

m = 400 kg 


Velocity: 

v = 25.6 xlO 3 km/h = 7.11 lxlO 3 m/s 


Kinetic energy: 

r = imv 2 =i(400 kg)(7.111xl0 3 m/s) 2 


r = 10.113xl0 9 J 

Note: Acceleration of gravity has no effect on the mass of the satellite. 

T = 10.11 GJ ◄ 
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PROBLEM 13.2 

A 1-lb stone is dropped down the “bottomless pit” at 
Carlsbad Caverns and strikes the ground with a speed of 
95ft/s. Neglecting air resistance, determine (a) the kinetic 
energy of the stone as it strikes the ground and the height 
h from which it was dropped, (b) Solve Part a assuming 
that the same stone is dropped down a hole on the moon. 
(Acceleration of gravity on the moon = 5.31 ft/s 2 .) 


SOLUTION 



Mass of stone: 

m = Wlb = 1 lb , - 0.031056 lb • s 2 /ft 

g 32.2 ft/s 2 


Initial kinetic energy: 

7j = 0 (rest) 


(a) Kinetic energy at ground strike: 

T 2 = y mv i = ^(0.031056)(95) 2 = 140.14 ft • lb 

T 2 =140.1 ft lb ◄ 

Use work and energy: 

h + C—>2 = ^2 


where 

U x _> 2 ~ ~ m gh 



0 + mgh — -1- m v 2 



A= v ’= (95)2 

2g (2)(32.2) 

h = 140.1ft ◄ 

( b) On the moon: 

g = 5.31 ft/s 2 


T i and 7k will be the same, hence 


T 2 =140.1 ft -lb ◄ 


h - V >- (95)2 

2g (2)(5.31) 

h = 850 ft ◄ 
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PROBLEM 13.3 

A baseball player hits a 5.1-oz baseball with an initial velocity of 140 ft/s 
at an angle of 40° with the horizontal as shown. Determine (a) the kinetic 
energy of the ball immediately after it is hit, ( b ) the kinetic energy of the 
ball when it reaches its maximum height, (c) the maximum height above 
the ground reached by the ball. 


SOLUTION 

Mass of baseball: 


W = (5.1 oz) 


lib 


16 oz 
VP 0.31875 1b 


m — — = - 


g 32.2 ft/s 2 


= 0.31875 lb 


= 0.009899 lb • s /ft 


(a) Kinetic energy immediately after hit. 


v = v 0 = 140 ft/s 


r = — mv 2 = i(0.009899)(l 40) 2 
2 2 ' 


( b) Kinetic energy at maximum height: 


v = v 0 cos 40° = 140cos 40° = 107.246 ft/s 


T 2 = Imv 2 = 1(0.009899X107.246) 2 

Principle of work and energy: 7, + U x _, 2 = 71, 

U^ 2 = T 2 -T x = -40.082 ft • lb 

Work of weight: 

Maximum height above impact point. 


U^ 2 =-Wd 


(c) Maximum height above ground: 


d = 7 k -7 L = -40,082 ft-lb =125?ft 
-W -0.31875 1b 


/7 = 125.7 ft+ 2 ft 


T x = 97.0 ft • lb ◄ 


r, =56.9 ft lb ◄ 


125.7 ft ◄ 


h = 127.7 ft ◄ 
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PROBLEM 13.4 

A 500-kg communications satellite is in a circular geosynchronous orbit and completes one revolution about 
the earth in 23 h and 56 min at an altitude of 35800 km above the surface of the earth. Knowing that the radius 
of the earth is 6370 km, determine the kinetic energy of the satellite. 


SOLUTION 


Radius of earth: 

R = 6370 km 

Radius of orbit: 

r — R + h — 6370 + 35800 = 42170 km = 42.170x 10 6 m 

Time one revolution: 

t — 23 h +56 min 


t = (23 h)(3600 s/h) + (56 min)(60 s/min) = 86.160xl0 3 s 

Speed: 

Inr 2;r(42.170xl0 6 ) „ , 

t 86.160X10 3 

Kinetic energy: 

T 1 2 

1 — — mv 

2 


7- = ^ (500 kg)(3075.2 m/s) 2 = 2.3643 xlO 9 J 


T = 2.36 GJ ◄ 
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PROBLEM 13.5 

In an ore-mixing operation, a bucket full of ore is suspended 
from a traveling crane which moves along a stationary bridge. 
The bucket is to swing no more than 10 ft horizontally when 
the crane is brought to a sudden stop. Determine the maximum 
allowable speed v of the crane. 


SOLUTION 

Let position ® be the position with bucket B directly below A, and position © be that of maximum swing 
where d = 10 ft. Let L be the length AB. 


Kinetic energies: 


T j = —mv 2 , T 2 = 0 
2 


Work of the weight: C/i_ >2 = _ 'b// = —mgh 

where h is the vertical projection of position © above position © 

From geometry (see figure), 


y = yjl} —d 2 
h — L-y 

- L-'Jl} -d 2 

- 30 — -y/(30) 2 - (10) 2 
= 1.7157 ft 


e 




- 



Principle of work and energy: 


0 

+ ^ 1—>2 = ^2 


—mv° — mgh = 0 
2 


v 2 = 2 gh = (2)(32.2 ft/s 2 )(1.7157 ft) = 110.49 ft 2 /s 2 


’ = 10.51 ft/s ◄ 
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PROBLEM 13.6 

In an ore-mixing operation, a bucket full of ore is suspended 
from a traveling crane which moves along a stationary bridge. 
The crane is traveling at a speed of 10 ft/s when it is brought to 
a sudden stop. Determine the maximum horizontal distance 
through which the bucket will swing. 


SOLUTION 


Let position ® be the position with bucket B directly below A, and position © be that of maximum swing 
where the horizontal distance is d. Let L be the length AB. 

1 2 

Kinetic energies: 7j =—mv , T 2 -0 

Work of the weight: ^i ->2 = ~Wh = —mgh 

where h is the vertical projection of position © above position ©. 


Principle of work and energy: 


From geometry (see figure), 


d — ^L 2 -y 2 

= ylL 2 -(L-hf 

= yl( 30) 2 -(30-L5528) 2 
= 9.53 ft 


h + >2 — 

—mv 2 - mgh — 0 



d= 9.53 ft ◄ 
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PROBLEM 13.7 

Determine the maximum theoretical speed that may be achieved over a distance of 110 m by a car starting 
from rest assuming there is no slipping. The coefficient of static friction between the tires and pavement is 0.75, 
and 60 percent of the weight of the car is distributed over its front wheels and 40 percent over its rear wheels. 
Assume (a) front-wheel drive, (I?) rear-wheel drive. 


SOLUTION 

Let IT be the weight and m the mass. W = mg 

(a) Front wheel drive: N — 0.60W — 0.60mg 

=0.75 

Maximum friction force without slipping: 

F = jU s N = (0.75X0.60 W) = 0.45 mg 
Ui_) 2 - Fd = 0.45 mgd 

71=0, T 2 =^mv 2 

Principle of work and energy: 7j + U^ 2 - T 2 

1 9 

0 + 0.45 mgd = —mv 2 

v\ = (2X0.45gd) = (2X0.45X9.81 m/s 2 XI10 m) = 971.19 m 2 /s 2 

v, = 31.164 m/s v 2 - 112.2 km/h M 

(b ) Rear wheel drive : N = 0.401V = 0.40/wg 

Ms =0-75 

Maximum friction force without slipping: 

F = jU s N = (0.75X0.40W) = 0.30 mg 
C /^2 = Fd = 0.30mgd 

71=0, T 2 = ~mv 2 

Principle of work and energy: 7] + U^ 2 = T 2 

1 9 

0 + 030mgd = — mv 2 

v\ = (2X0.30)gt/ = (2X0.30)(9.81 m/s 2 XI10 m) = 647.46 m 2 /s 2 
v 2 = 25.445 m/s v 9 =91.6km/h A 

Note: The car is treated as a particle in this problem. The weight distribution is assumed to be the same for 
static and dynamic conditions. Compare with sample Problem 16.1 where the vehicle is treated as a rigid 
body. 
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PROBLEM 13.8 



Skid marks on a drag racetrack indicate that the rear (drive) 
wheels of a car slip for the first 20 m of the 400-m track. 
(a) Knowing that the coefficient of kinetic friction is 0.60, 
determine the speed of the car at the end of the first 20-m 
portion of the track if it starts from rest and the front wheels 
are just off the ground, (b) What is the maximum 
theoretical speed for the car at the finish line if, after 
skidding for 20 m, it is driven without the wheels slipping 
for the remainder of the race? Assume that while the car is 
rolling without slipping, 60 percent of the weight of the car 
is on the rear wheels and the coefficient of static friction is 
0.75. Ignore air resistance and rolling resistance. 


SOLUTION 

(a) For the first 20 m, the normal force at the real wheels is equal to the weight of the car. Since the wheels 
are skidding, the friction force is 

F = Mk N = Mk W = Mk m § 


Principle of work and energy: 7j + U x _^ 2 = T 2 

1 9 

0+ Fd = — mvf 

2 

1 , 

0 + jU k mgd = — mv 2 


v 2 2 = 2ju k gd = (2)(0.6)(9.81 m/s 2 )(20 m) = 235.44 m 2 /s 2 


= 15.34 m/s A 


( b ) Assume that for the remainder of the race, sliding is impending and N = 0.6 W 

F = jU s N = jU s (0.6W) = (0.75X0.6 mg) = 0.45 mg 
Principle of work and energy: T 2 + U 2 ^ 3 = F 

—mv 2 + (0 A5mg)d' = — mv 2 


v 2 = v 2 (2)(0.45)gX / 

= 235.44 m 2 /s 2 +(2)(0.45)(9.81 m/s 2 )(400 m-20 m) 

= 3590.5 m 2 /s 2 

v 3 = 59.9 m/s A 
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PROBLEM 13.9 


A package is projected up a 15° incline at A with an initial 
velocity of 8 m/s. Knowing that the coefficient of kinetic friction 
between the package and the incline is 0.12, determine ( a ) the 
maximum distance d that the package will move up the incline, 
( b ) the velocity of the package as it returns to its original position. 
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PROBLEM 13.10 


A 1.4 kg model rocket is launched vertically from rest with a constant thrust of 25 N until the rocket reaches 
an altitude of 15 m and the thrust ends. Neglecting air resistance, determine (a) the speed of the rocket when 
the thrust ends, ( b) the maximum height reached by the rocket, (c) the speed of the rocket when it returns to 
the ground. 
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PROBLEM 13.11 

Packages are thrown down an incline at A with a velocity 
of 1 m/s. The packages slide along the surface ABC to a 
conveyor belt which moves with a velocity of 2 m/s. 
Knowing that /J k = 0.25 between the packages and the 
surface ABC, determine the distance d if the packages are 
to arrive at C with a velocity of 2 m/s. 


SOLUTION 

On incline AB: 


On level surface BC: 


At A, 


At C, 


N ab ~ m 8 cos 30° 

f ab = Bu n ab = 0-25 mg cos 30° 
JJ A ^B = mgd sin 30° - F AB d 

= mgd( sin 30° -ju k cos 30°) 

N, BC = m 8 x bc = 7 m 

f bc - Bk m 8 

U b-> C =-M k mg x BC 


1 2 

T A = — mv A and v A = 1 m/s 


1 2 

T c = —>nv c and v c — 2 m/s 


Assume that no energy is lost at the corner B. 
Work and energy. 


F A + U A ^B + F B^C ~ Tc 


1 2 1 2 

— mv A + mgd (sin 30° - fl k cos 30°) - jU k mg x BC = — mv 0 


Dividing by m and solving for d, 


d = 


vp2g + M k x BC ~vl/2g\ 

(sin 30° - ju k cos 30°) 

(2) 2 /(2)(9.81) + (0.25)(7) - (l) 2 /(2)(9.81) 
sin 30°-0.25 cos 30° 



d - 6.71 m A 
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PROBLEM 13.12 

Packages are thrown down an incline at A with a velocity of 
1 m/s. The packages slide along the surface ABC to a conveyor 
belt which moves with a velocity of 2 m/s. Knowing that 
d = 7.5 m and ju k = 0.25 between the packages and all 
surfaces, determine ( a ) the speed of the package at C, (b) the 
distance a package will slide on the conveyor belt before it 
comes to rest relative to the belt. 
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PROBLEM 13.13 

Boxes are transported by a conveyor belt with a velocity Vo to a 
fixed incline at A where they slide and eventually fall off at B. 
Knowing that ju k = 0.40, determine the velocity of the conveyor 
belt if the boxes leave the incline at B with a velocity of 8 ft/s. 
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PROBLEM 13.14 

Boxes are transported by a conveyor belt with a velocity Vo to a 
fixed incline at A where they slide and eventually fall off at B. 
Knowing that ju k = 0.40, determine the velocity of the conveyor 
belt if the boxes are to have zero velocity at B. 
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PROBLEM 13.15 



A 1200-kg trailer is hitched to a 1400-kg car. The car and trailer are 
traveling at 72 km/h when the driver applies the brakes on both the car 
and the trailer. Knowing that the braking forces exerted on the car and 

1 

V; ! 

*0—0 


A B C 

the trailer are 5000 N and 4000 N, respectively, determine (a) the 

distance traveled by the car and trailer before they come to a stop, 

( b) the horizontal component of the force exerted by the trailer hitch 
on the car. 


SOLUTION 

Let position 1 be the initial state at velocity v l = 72 km/h = 20 m/s and position 2 be at the end of braking 
(v 2 = 0). The braking forces and F c = 5000 N for the car and 4000 N for the trailer. 


(a) Car and trailer system. 


r 2 =o 


(d = braking distance) 

1 2 

T \ =-(m c +m T )v l 

^i—>2 = ~(F C + Ft 
F \ + ^i—>2 = 

1 7 

— (m c + m T )vj - (F c + F T )d = 0 


d = (m c +m T )v f = (2600)(20) 2 = ^ 7?g 
2 (F c + F t ) (2)(9000) 

( b ) Car considered separately. 

Let FI be the horizontal pushing force that the trailer exerts on the car through the hitch. 


d = 57.8 m A 


rp 1 2 

T l =~ m c v 1 
U\_+ 2 = (H — F c )d 
F\ + U ^ 2 - T 2 

^m c vf +(H - F c )d = 0 


r 2 =o 


H = F r . 


m c v i _ _ 5000 - (1 400 )(2°)“ 


2J 


(2)(57.778) 


Trailer hitch force on car: 


H = 154 N 
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PROBLEM 13.16 

A trailer truck enters a 2 percent uphill grade traveling at 72 km/h and reaches a speed of 108 km/h in 300 m. 
The cab has a mass of 1800 kg and the trailer 5400 kg. Determine (a) the average force at the wheels of the 
cab, (b) the average force in the coupling between the cab and the trailer. 


72 km/h 


108 km/h 




u 2% up grade 

3^0 

_CL 


-* -300 m- 



Vj = 72 km/h = 20 m/s 


v 2 = 108 km/h = 30 m/s 


SOLUTION 

Initial speed: 

Final speed: 

Vertical rise: h = (0.02)(300) = 6.00 m 

Distance traveled: d = 300 m 

(a) Traction force. Use cab and trailer as a free body. 


m = 1800 + 5400 = 7200 kg W = mg = (7200)(9.81) = 70.632 xlO 3 N 

Work and energy: T x + U x _, 2 ~ ^ 


1 , 1 , 

—mvf — Wh + F.d — —mvf 
2 2 


F 1 
F = — 


—mvf + Wh — mvf 


1 

300 


—(7200)(30) 2 + (70.632 x 10 3 )(6.00)(7200)(20) 2 


= 7.4126 x10 3 N 

(b) Coupling force F c . Use the trailer alone as a free body. 

m = 5400 kg W = mg = (5400)(9.81) = 52.974xl0 3 N 

Assume that the tangential force at the trailer wheels is zero. 

Work and energy: T x +1J x _^ 2 =T 2 


F t = 7.41 kN ◄ 


1 9 1 9 

— mv\ - Wh + F.d =— mv, 

2 2 


The plus sign before F c means that we have assumed that the coupling is in tension. 


F '=l 


1 


1 2 r T 77 1 2 

— mv 1 + Wh mv. 


2 - 2 
= 5.5595xlO 3 N 


1 

300 


h (5400)(30) 2 + (52.974 x 10 3 )(6.00) - j (5400)(20) 2 


F — 5.56 kN (tension) M 
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30 mi/li 

«<- 


40 tons 


50 tons 


40 tons 




PROBLEM 13.17 

The subway train shown is traveling at a speed of 30 mi/h 
when the brakes are fully applied on the wheels of cars B 
and C, causing them to slide on the track, but are not 
applied on the wheels of car A. Knowing that the 
coefficient of kinetic friction is 0.35 between the wheels 
and the track, determine (a) the distance required to bring 
the train to a stop, ( b ) the force in each coupling. 


SOLUTION 

, X>6om S * 9° *1% St) lOOItyj <*>*»* * SO tySj 





1 

ft t 

u 

B 1 

-— 


mw 


= ° f On -* I ~ C f 

'//- BO Lyj '/V ff =/oo N c -80 Ky, 

/J k = 0.35 F b = (0.35)(100 kips) = 35 kips 
F c = (0.35)(80 kips) = 28 kips 

V[ = 30 mi/h = 44 ft/s -*— v 2 =0 T 2 =0 

(a) Entire train: T x + U x _ 2 = T 2 

1 (80 kips+ 100 kips +80 kips) 2 „ 

-----—(44 ft/s)- - (28 kips+35 kips) x = 0 

2 32.2 ft/s 2 

x = 124.07 ft x = 124. lft ◄ 

( b ) Force in each coupling: Recall that x = 124.07 ft 
Car A: Assume F AB to be in tension 


h+v x _ 2 = t 2 

^ (44)2 -^ (124 - 07ft) = ° 


F ab = +19.38 kips 


Car C: T x + U x _ 2 = T 2 

“■“~~(44) 2 + ( F bc - 28 kips)(124.07 ft) = 0 

F bc - 28 kips = -19.38 kips 
F bc = +8.62 kips 


l w n 


£ 


Eaq 






F ab = 19.38 kips (tension) M 

-vT.,_ I w c =&ty, 



fr28k.fi ^N c 


Fbc ~ ^ .62 kips (tension) M 
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PROBLEM 13.18 


The subway train shown is traveling at a speed of 30 mi/h 
when the brakes are fully applied on the wheels of cars A, 
causing it to slide on the track, but are not applied on the 
wheels of cars A or B. Knowing that the coefficient of 
kinetic friction is 0.35 between the wheels and the track, 
determine (a) the distance required to bring the train to a 
stop, ( b ) the force in each coupling. 
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PROBLEM 13.19 


Blocks A and B weigh 25 lbs and 10 lbs, respectively, and they are both 
at a height 6 ft above the ground when the system is released from rest. 
Just before hitting the ground block A is moving at a speed of 9 ft/s. 
Determine (a) the amount of energy dissipated in friction by the pulley, 
( b ) the tension in each portion of the cord during the motion. 


SOLUTION 

By constraint of the cable block B moves up a distance h when block A moves down a distance h. (h = 6 ft) 
Their speeds are equal. 

Let F A and F B be the tensions on the A and B sides, respectively, of the pulley. 

w 25 

Masses: M, =—— = —— = 0.7764 lb • s 2 /ft 

A g 32.2 

M„=^- = -^- = 0.31056 lb • s 2 /ft 
B g 32.2 

Let position 1 be the initial position with both blocks a distance h above the ground and position 2 be just 
before block A hits the ground. 

Kinetic energies: (7j) A =0, (7j) B =0 

(T 2 ) a = ~m A v 2 = ^(0.7764)(9) 2 =31.444 ft • lb 

( T 2 ) B = \rn B v 2 = ^(0.31056)(9) 2 = 12.578 ft • lb 

Principle of work and energy: 7j + U^ 2 = T 2 

Block A: C/ 1 _ >2 = (W A - F A )h 

0 + (25 - F A )(6) = 31.444 F A = 19.759 lb 

Block B: U^ 2 = (F B - W B )h 

0 + (F B -10)(6) = 12.578 12.096 lb 

At the pulley F A moves a distance h down, and F B moves a distance h up. The work done is 

U i_^ 2 = (F a - F B )h = (19.759 - 12.096X6) = 46.0 ft • lb 
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PROBLEM 13.19 (Continued) 


Since 

the pulley is assumed to be massless, it cannot acquire kinetic energy; hence, 


(a) 

Energy dissipated by the pulley: 

E p = 46.0 ft lb ◄ 

(b) 

Tension in each portion of the cord: 

A :19.761b ◄ 



B :12.101b ◄ 
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PROBLEM 13.20 

The system shown is at rest when a constant 30 lb force is 
applied to collar B. (a) If the force acts through the entire 
motion, determine the speed of collar B as it strikes the 
support at C. ( b ) After what distance d should the 30 lb 
force be removed if the collar is to reach support C with 
zero velocity? 


SOLUTION 



Let F be the cable tension and v B be the velocity of collar B when it strikes the support. Consider the collar B. 

Its movement is horizontal so only horizontal forces acting on B do work. Let d be the distance through which 

the 30 lb applied force moves. 

(T l ) B +(U^ 2 ) B =(T 2 ) B 



1 18 

0 + 30J (2F)(2)= vl 

2 32.2 B 



30 d -4 F = 0.27950v~ 

(1) 

Now consider the weight A. When the collar moves 2 ft to the left, the weight moves 

4 ft up, since the cable 

length is constant. Also, v A — 2v B . 

Wa + V x- 2 ) a = (T 2 ) b 



0 + (F-W a )(4) = ^v 2 a 

2 g 



4F - (6)(4) = (2v g ) 2 

2 32.2 



4F - 24 = 0.37267 v 2 B 

(2) 

Add Eqs. (1) and (2) to eliminate F. 

3(W-24 = 0.65217v‘ 

(3) 

(a) Case a: d- 2 ft, v B =? 

(30)(2) - (24) = 0.65217 



v 2 b =55.2 ft 2 /s 2 

v B = 7.43 ft/s A 

( b ) Case b: d = ?, v B = 0. 

30 d - 24 = 0 

d = 0.800 ft ◄ 
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PROBLEM 13.21 



Car B is towing car A at a constant speed of 10 m/s on an uphill 
grade when the brakes of car A are fully applied causing all four 
wheels to skid. The driver of car B does not change the throttle 
setting or change gears. The masses of the cars A and B are 
1400 kg and 1200 kg, respectively, and the coefficient of kinetic 
friction is 0.8. Neglecting air resistance and rolling resistance, 
determine (a) the distance traveled by the cars before they come 
to a stop, ( b ) the tension in the cable. 


SOLUTION 



Given: Car B tows car A at 10 m/s uphill. 

Car A brakes so 4 wheels skid. ju k = 0.8 

Car B continues in same gear and throttle setting. 

Find: (a) Distance d, traveled to stop 
( b ) Tension in cable 

(a) h\ - traction force (from equilibrium) 

F 1 = (1400g)sin5° + (1200g)sin5° 

= 2600(9.81) sin 5° 

For system: A + B 

U 1—2 = [(F, - 1400gsin5° - 1200gsin5°) - F]d 


= T 2 -T l =0- \m A+B v 2 = -i(2600)(10) 2 



Since (F l - 1400g sin 5° - 1200g sin 5°) = 0 

-Fd = -0.8[1400(9.81)cos5°]r/ = -130,000 N • m 

d = 11.88 m A 

( b ) Cable tension, T 

U I-2 = [T - 0.8/VJ (11.88) = T 2 - Ty 

(T - 0.8(1400)(9.81)cos5°)11.88 = --^(10) 2 

(T - 10945) = -5892 

= 5.053 kN 

T = 5.05 kN ◄ 
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PROBLEM 13.22 (Continued) 


Add Eqs. (1) and (2) to eliminate F. 

500-163.5 = 147.5v* 

v 2 b = 2.2814 m 2 /s 2 


(a) 

Velocity of B. 


\ B =1.510 m/s -— 4 

(b) 

Tension in the cable. 

From Eq. (2), 

2F- 163.5 = (12.5)(2.2814) 

F = 96.0 N ◄ 
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PROBLEM 13.23 

The system shown is at rest when a constant 250-N force is applied to 
block A. Neglecting the masses of the pulleys and the effect of friction in 
the pulleys and assuming that the coefficients of friction between block A 
and the horizontal surface are ju s =0.25 and /j k = 0.20, determine (a) the 
velocity of block B after block A has moved 2 m, ( b ) the tension in the cable. 


B 

25 kg I 


SOLUTION 

Check the equilibrium position to see if the blocks move. Let F be the tension in the cable. 


Block B: 


3F - m B g = 0 
F = m B g _( 25X9.81) 


= 81.75 N 


Block A: 


3 3 

+|ZF V =0: N A m A g — 0 

N a = m A g = (30)(9.81) = 294.3 N 
=0: 250 - F A - F = 0 

F a =250-81.75 = 168.25 N 

Available static friction force: ju s N A = (0.25)(294.3) = 73.57 N 

Since F A > jil s N A , the blocks move. 

The friction force, F A , during sliding is 

F a = ju k N a = (0.20)(294.3) = 58.86 N 

Constraint of cable: 

x A +3 y B = constant 
Ax a + 3A y B - 0 
v a +3v b =° 
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B 


PROBLEM 13.24 

Two blocks A and B, of mass 4 kg and 5 kg, respectively, are connected 
by a cord which passes over pulleys as shown. A 3 kg collar C is placed 
on block A and the system is released from rest. After the blocks have 
moved 0.9 m, collar C is removed and blocks A and B continue to move. 
Determine the speed of block A just before it strikes the ground. 


SOLUTION 

Position ® to Position ©. v, = 0 T } = 0 
At © before C is removed from the system 

T 2 = -0 n A + m B + m c ) V 2 = ^( 12 k §) V 2 = 6V? 

u \-2 =(> n A +m c -m B )g( 0.9 m) 

U x _ 2 = (4 + 3 -5)(g)(0.9 m) = (2 kg)(9.81 m/s 2 )(0.9 m) 

U x _ 2 =17.658 J 
T] +U X _ 2 = T 2 \ 

0 + 17.658 = 6v 2 2 v 2 2 = 2.943 

At Position ©, collar C is removed from the system. 

Position ©to Position ®. r 2 = ~^(m A + »? g )v 2 = ^ kg J (2.943) = 13.244 J 
T i =^(m A +m B )(v 3 ) 2 =^v 2 

6/ 2 '_ 3 = (m A -m B )(g)(0J m) = (-1 kg)(9.81 m/s 2 )(0.7 m) = -6.867 J 
T 2 + ^ 2-3 = ^3 

13.244-6.867 = 4.5v 2 v 3 2 =1.417 

v A =v 3 =1.190 m/s v A = 1.190 m/s 4 


CD (: 


0.3 m 


0.6 m 


3 


: b: v 
- j 


® 


t.„ 

0.9 ini® 

© \Ai I B 1 
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PROBLEM 13.25 



Four packages, each weighing 6 lb, are held 
in place by friction on a conveyor which is 
disengaged from its drive motor. When the 
system is released from rest, package 1 
leaves the belt at A just as package 4 comes 
onto the inclined portion of the belt at B. 
Determine (a) the speed of package 2 as it 
leaves the belt at A, (b) the speed of 
package 3 as it leaves the belt at A. Neglect 
the mass of the belt and rollers. 
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PROBLEM 13.26 


A 3-kg block rests on top of a 2-kg block supported by, but not attached to, a spring 
of constant 40 N/m. The upper block is suddenly removed. Determine (a) the 
maximum speed reached by the 2-kg block, ( b ) the maximum height reached by the 
2-kg block. 


SOLUTION 


Call blocks A and B. 

m A = 2 k §> m B = 3 kg 

(a ) Position 1: Block B has just been removed. 

Spring force: 

F s =-{m A +m B )g = -kx \ 

Spring stretch: 

(m A + m t ) g= (5 kg)(9.81 m/s 2 ) _ j 22625 m 
k 40 N/m 

Let position 2 be a later position while the spring still contacts block A. 

r x 2 

Work of the force exerted by the spring: (^i_> 2 )<? = “ kxdx 

•U 


1 , * 2 1 , 1 , 

= — kx 2 - — kxT - kxk 

2 2 2 

*1 

= -t- (40)(—1.22625) 2 - ^-(40 )x 2 2 = 30.074 - 20x 2 2 

Work of the gravitational force: 

=-m A g(x 2 -x i) 

= —(2)(9.81)(jc 2 +1.22625) = -19.62x 2 -24.059 

Total work: 

U x ^ 2 ~ -20-^2 + 19.62x 2 +6.015 

Kinetic energies: 

7j =0 


F 2 ~ ~^ m A V 2 ~^(^ V 2 ~ V 2 

Principle of work and energy: 

7j + U x _, 2 - T 2 


0 + 20x 2 - 19.62x 2 + 6.015 = v 2 

Speed squared: 

v 2 = -20x 2 - 19.62 x 2 +6.015 (1) 

At maximum speed, 

^ = 0 
dx 2 
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PROBLEM 13.26 (Continued) 

Differentiating Eq. (1), and setting equal to zero, 

2v 2 ^- = -40x, = -19.62 = 0 
dx 

_ 19^2 = _ 0 4905 m 
40 

Substituting into Eq. (1), v 2 = -(20)(-0.4905) 2 - (19.62)(-0.4905) + 6.015 = 10.827 m 2 Is 2 

Maximum speed: v 2 = 3.29 m/s A 

( b ) Position 3: Block A reaches maximum height. Assume that the block has separated from the spring. 

Spring force is zero at separation. 

Work of the force exerted by the spring: 

(U 1^3 ) e = -f °kxdx = -kx 2 = — (40)(1.22625) 2 = 30.074 J 
J xj 2 2 

Work of the gravitational force: 

(U^ 3 ) g = —m A gh = -(2)(9.81)/7 = -19.62 h 
Total work: C / 1 _ >3 = 30.074 -19.62 h 

At maximum height, v 3 = 0, T 3 = 0 

Principle of work and energy: 7j + U l ^ >3 = T 3 

0 + 30.074-19.62 h = 0 

Maximum height: h = 1.533 m A 
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3 ks> 


2 kg 


PROBLEM 13.27 

Solve Problem 13.26, assuming that the 2-kg block is attached to the spring. 

PROBLEM 13.26 A 3-kg block rests on top of a 2-kg block supported by, but not 
attached to, a spring of constant 40 N/m. The upper block is suddenly removed. 
Determine (a) the maximum speed reached by the 2-kg block, ( b ) the maximum 
height reached by the 2 -kg block. 


SOLUTION 



Call blocks A and B. 

m A = 2 kg, m B = 3 kg 


(a) Position 1 : Block B has just been removed. 


Spring force: 

F s =-( m A +m B )g=-kx i 


Spring stretch: 

(m i + m,)g = (5kg)(9.81m+) = , m 


k 

40 N/m 

Let position 2 be a later position. Note that the spring remains 

attached to block A. 

rx 2 

Work of the force exerted by the spring: (P\-^ 2 ) e = - kxdx 

Jx l 


= -—kx 2 

* 2 1 ply 

= — kx} - kx} 


2 

2 1 2 2 


= > ( - 

-1.22625) 2 - i (40)x 2 = 30.074 - 20x 2 

Work of the gravitational force: 

=-m A g(x 2 -x i) 


= —(2)(9.81)(jc 2 +1.22625) = -19.62x 2 - 24.059 

Total work: 

C/,^2 =-20x2 -19.62 x 2 +6.015 

Kinetic energies: 

7j =0 



r j' ^ 2 1 3 2 

^2 - ~ m A V 2 —~(2) v 2 ~ V 2 

Principle of work and energy: 

F \ + U\^,2 - F 2 



0 + 20x 2 -19.62x 2 +6.015 = v 2 

Speed squared: 

v 2 = -20x 2 -19.62x 2 +6.015 (1) 

At maximum speed, 




dx 2 
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PROBLEM 13.27 (Continued) 

Differentiating Eq. (1) and setting equal to zero, 

2v 2 ^2. = -40x 2 =-19.62 = 0 
dx 2 

_19^2 = -0 4905 m 
40 

Substituting into Eq. (1), v 2 = -(20)(-0.4905) 2 - (19.62)(-0.4905) + 6.015 = 10.827 m‘/s 2 
Maximum speed: v 2 = 3.29 m/s A 

( b ) Maximum height occurs when v 2 = 0. 

Substituting into Eq. (1), 0 = -20x? -19.62x 2 +6.015 

Solving the quadratic equation 

x 2 =-1.22625 m and 0.24525 m 
Using the larger value, x 2 = 0.24525 m 

Maximum height: h-x 2 -x l - 0.24525 + 1.22625 h =1.472 m A 
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PROBLEM 13.28 



k = 18 lb/in. k = 12 lb/in. 


An 8-lb collar C slides on a horizontal rod between springs A and B. 
If the collar is pushed to the right until spring B is compressed 2 in. 
and released, determine the distance through which the collar will 
travel assuming (a) no friction between the collar and the rod, 
( b ) a coefficient of friction ju k = 0.35. 


SOLUTION 


(a) 


y "—Ph 2,n - 


k B = 144 lb/ft 
k A = 216 lb/ft 


Since the collar C leaves the spring at B and there is no friction, it must engage the spring at A. 


t a = o r B =o 


Ua-b = 


r M 2 r 

= J k B xdx— J kixdx 


U A -b = 


144 lb/ft 


0 

Aft 

12 j 


216 lb/ft 


(yf 


T A + U A-B - T b '■ 


Total distance 


0 + 2-108v 2 =0 
y = 0.1361 ft = 1.633 in. 

d = 2 + 16 — (6 — 1.633) 


d = 13.63 in. ◄ 


(b) Assume that C does not reach the spring at B because of friction. 


N -W - 6 lb 

F f = (0.35X8 lb) = 2.80 lb 

t a = t d = o 

w > M > 

4\* 

/. 2/12 

A _ D = 144xdx- Ff (y) = 2-2.80j 

J 0 


A-D = Tp 0 + 2 — 2.80j — 0 


y = 0.714 ft = 8.57 in. 



The collar must travel 16 - 6 + 2 = 12 in. before it engages the spring at B. Since y = 8.57 in., it stops 
before engaging the spring at B. 

Total distance d = 8.57 in. M 
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PROBLEM 13.29 
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PROBLEM 13.30 

A 10-kg block is attached to spring A and connected to spring B by a cord and 
pulley. The block is held in the position shown with both springs unstretched 
when the support is removed and the block is released with no initial velocity. 
Knowing that the constant of each spring is 2 kN/m, determine (a) the velocity of 
the block after it has moved down 50 mm, ( b ) the maximum velocity achieved by 
the block. 


: k = 2 kN/m 


SOLUTION 



(a) 


( b ) 


W = weight of the block = 10 (9.81) = 98.1 N 

1 

x b = ~ X A 


Ul -2 = W(x A ) - h A (x A ) 2 - U B (x B ) 2 
(Gravity) (Spring A) (Spring B) 

C/,_ 2 = (98.1 N)(0.05 m) - ^(2000 N/m)(0.05 m) 2 

-^(2000N/m)(0.025 m) 2 

C/i— 2 =^(m)v 2 = i(10kg)v 2 

4.905 - 2.5 - 0.625 = - (10)v 2 
2 


v = 0.597 m/s -4 

Let x = distance moved down by the 10 kg block 


E/j -2 =W(x)-h A (x) 2 -h B 


d_ 

dx 


— (m)v 2 
2 


,2 J 

k 


— (m)v 2 
2 


= 0 = W — k A (x) - — (2x) 
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PROBLEM 13.30 (Continued) 


0 = 98.1 2000 (x) 2000 (2x) = 98.1 (2000 + 250)x 

8 


x = 0.0436 m (43.6 mm) 


For x = 0.0436, U = 4.2772 - 1.9010 - 0.4752 = -(10)v 2 

2 


%ax= 0-6166 m/s 

v max = 0.617 m/s -4 
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450 



PROBLEM 13.31 

A 5-kg collar A is at rest on top of, but not attached to, a spring 
with stiffness k\ — 400 N/m; when a constant 150-N force is 
applied to the cable. Knowing A has a speed of 1 m/s when the 
upper spring is compressed 75 mm, determine the spring 
stiffness /o. Ignore friction and the mass of the pulley. 


SOLUTION 

Use the method of work and energy applied to the collar A. 

h + ^ 1—>2 = ^2 

Since collar is initially at rest, T x = 0. 

In position 2, where the upper spring is compressed 75 mm and v 2 =1.00 m/s, the kinetic energy is 

T 2 = ^mv 2 2 = 2(5 kg)(1.00 m/s) 2 = 2.5 J 

As the collar is raised from level A to level B, the work of the weight force is 

(Ui-* 2 ) g =~mgh 

where m — 5 kg, g — 9.81 m/s 2 and h = 450 mm = 0.450 m 
Thus, (U 1 _, 2 ) g - —(5)(9.81)(0.450) = -22.0725 J 

In position 1, the force exerted by the lower spring is equal to the weight of collar A. 

F x = mg = -(5 kg)(9.81 m/s) = -49.05 N 
As the collar moves up a distance x\, the spring force is 

F = F 1 - k x x 2 

until the collar separates from the spring at 

F x 49.05 N A1 ^ oc 

x f = — =-= 0.122625 m = 122.625 mm 

; k x 400 N/m 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


546 





PROBLEM 13.31 (Continued) 


Work of the force exerted by the lower spring: 


(U 


l ->2 


)i = j" ' (Fj - k^x)dx 


= F \x f ~-kxj = k x x) - -k\x) = -k^x). 


1 

2 


(400 N/m)(0.122625) 2 = 3.0074 J 


In position 2, the upper spring is compressed by y-15 mm = 0.075 m. The work of the force exerted 
by this spring is 

(U^ 2 ) 2 =-Ik 2 y 2 =--U 2 (0.075) 2 = -0.0028125 k 2 
Finally, we must calculate the work of the 150 N force applied to the cable. In position 1, the length AB is 

(l AB \ = ^/(450) 2 + (400) 2 = 602.08 mm 


In position 2, the length AB is (l AB ) 2 = 400 mm. 

The displacement d of the 150 N force is 

d = (l AB )i - (l AB ) 2 = 202.08 mm = 0.20208 m 

The work of the 150 N force P is 

(U^ 2 ) P - Pd - (150 N)(0.20208 m) = 30.312 J 

Total work: U t ^ 2 = -22.0725 + 3.0074 - 0.0028125£ 2 + 30.312 

= 11.247-0.0028125£ 2 

Principle of work and energy: 7j + U^ 2 = T 2 

0 +11.247-0.0028125tt 2 =2.5 

k 2 = 3110 N/m k 2 =3110 N/m ◄ 
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PROBLEM 13.32 



A piston of mass m and cross-sectional area A is equilibrium 
under the pressure p at the center of a cylinder closed at both 
ends. Assuming that the piston is moved to the left a distance 
a/2 and released, and knowing that the pressure on each side of 
the piston varies inversely with the volume, determine the 
velocity of the piston as it again reaches the center of the 
cylinder. Neglect friction between the piston and the cylinder 
and express your answer in terms of m, a, p, and A. 
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PROBLEM 13.33 


An uncontrolled automobile traveling at 65 mph strikes squarely a highway crash cushion of the type shown 
in which the automobile is brought to rest by successively crushing steel barrels. The magnitude F of the force 
required to crush the barrels is shown as a function of the distance x the automobile has moved into the 
cushion. Knowing that the weight of the automobile is 2250 lb and neglecting the effect of friction, determine 
(a) the distance the automobile will move into the cushion before it comes to rest, ( b ) the maximum 
deceleration of the automobile. 

F(kips) 


36 
27 

IS 

5 14 x(ft) 
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PROBLEM 13.34 

Two types of energy-absorbing fenders designed to be used on a 
pier are statically loaded. The force-deflection curve for each type 
of fender is given in the graph. Determine the maximum 
deflection of each fender when a 90-ton ship moving at 1 mi/h 
strikes the fender and is brought to rest. 


SOLUTION 


Weight: 

IT, = (90 ton)(2000 lb/ton) = 180x10 

Mass: 

W 180X10 3 2 in 

m = — =-= 5590 lb • s /ft 

8 32.2 

Speed: 

, ... 5280 ft 

v, = 1 mi/h =-= 1.4667 ft/s 

1 3600 s 

Kinetic energy: 

Tj =imv 2 =i(5590)(1.4667) 2 


= 6012 ft lb 
T 2 = 0 (rest) 

Principle of work and energy: 7j + U { ^ 2 = T 2 

6012 + t/^, =0 

U 1—>2 = —6012 ft lb = -72.15 kip in. 

The area under the force-deflection curve up to the maximum deflection is equal to 72.15 kip • in. 
Fender A: From the force-deflection curve F = kx k - ^'" ax = — = 5 kip/in. 

"hnax 1 ^ 


Area = 


f fdx = f kx dx = —kx 2 
Jo Jo 2 


-(5)x 2 =72.51 
2 


x 2 = 28.86 in. 2 


= 5.37 in. ◄ 


Fender B: We divide area under curve B into trapezoids 




Partial area 

Total Area 

From x = 0 

to x = 2 in.: 

i(2 in.)(4 kips) = 4 kip • in. 

4 kip • in. 

From x = 2 in. 

to x = 4 in.: 

i(2 in.)(4 +10) = 14 kip • in. 

18 kip in. 

From x = 4 in. 

to x = 6 in.: 

—(2 in.)(10 +18) = 28 kip • in. 

46 kip • in. 



2 
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PROBLEM 13.35 


Nonlinear springs are classified as hard or soft, depending upon the curvature of their force-deflection curve 
(see figure). If a delicate instrument having a mass of 5 kg is placed on a spring of length / so that its base is 
just touching the undeformed spring and then inadvertently released from that position, determine the 
maximum deflection x m of the spring and the maximum force F m exerted by the spring, assuming (a) a linear 
spring of constant k — 3 kN/m, (b) a hard, nonlinear spring, for which F = (3 kN/m)(.x +160 a: 2 ). 




SOLUTION 

W = mg = (5 kg)g 
IV = 49.05 N 


0 !M/7?Al PoSJ 7?*~ : TC=O y 7? = C> 

1^ 


1* 


© 


! 

F-O 


Tk. 




UtKt P/Spi/fCE* TfA/ - 

15 *^ 7^*0 


k. 


Since 


T\ —T 2 — 0, 7j +1/|_2 — T 2 yields U — 0 
£/j_ 2 = Wx m - J o '"' Fdx = 49.05x m - J Fdx = 0 


( 1 ) 


(a) For F = kx= (300 N/m)x 


Eq.(l): 


(b) For 


49.05x m - f 3000 xdx = 0 

J 0 

49.05x,„ - 1500x; = 0 x m = 32.7 xKF 3 m = 32.7 mm ◄ 

F m = 3000x,„ = 3000(32.7 x l(r 3 ) F,„ - 98.1 N ◄ 

F = (3000 N/m)x(l +160x 2 ) 


Eq. (1) 


Solve by trial: 


49.05x,„ - f A "3000(x 

J 0 


+160x 3 )dx = 0 


49.05x,„ - 3000 


-x,„ +40x m I = 0 
V 2 


x m = 30.44x10 3 m 

F m = (3000)(30.44 x 10^ 3 ) [1 +160(30.44 x 10“ 3 ) 2 ] 


(2) 

x,„ = 30.4 mm A 
F,„ =104.9 n' ◄ 
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PROBLEM 13.36 

A rocket is fired vertically from the surface of the moon with a speed v 0 . Derive a formula for the ratio hjh u 
of heights reached with a speed v, if Newton’s law of gravitation is used to calculate h n and a uniform 
gravitational field is used to calculate h u . Express your answer in terms of the acceleration of gravity g m on 
the surface of the moon, the radius R m of the moon, and the speeds v and v 0 . 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


553 





PROBLEM 13.37 

Express the acceleration of gravity g h at an altitude h above the surface of the earth in terms of the 
acceleration of gravity g 0 at the surface of the earth, the altitude h and the radius R of the earth. Determine 
the percent error if the weight that an object has on the surface of earth is used as its weight at an altitude of 
(a) 1 km, ( b ) 1000 km. 
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PROBLEM 13.38 


A golf ball struck on earth rises to a maximum height of 
60 m and hits the ground 230 m away. How high will the 
same golf ball travel on the moon if the magnitude and 
direction of its velocity are the same as they were on earth 
immediately after the ball was hit? Assume that the ball is 
hit and lands at the same elevation in both cases and that the 
effect of the atmosphere on the earth is neglected, so that the 
trajectory in both cases is a parabola. The acceleration of 
gravity on the moon is 0.165 times that on earth. 
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PROBLEM 13.39 

The sphere at A is given a downward velocity v 0 of 
magnitude 5 m/s and swings in a vertical plane at the 
end of a rope of length / = 2 m attached to a support at O. 
Determine the angle 6 at which the rope will break, 
knowing that it can withstand a maximum tension equal 
to twice the weight of the sphere. 
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PROBLEM 13.40 

The sphere at A is given a downward velocity v 0 and swings 
in a vertical circle of radius / and center O. Determine the 
smallest velocity v 0 for which the sphere will reach Point B as 
it swings about Point O (a) if AO is a rope, ( b ) if AO is a 
slender rod of negligible mass. 


SOLUTION 



h = 
T 2 = 


1 

—mv 
2 

1 


2 

0 

2 


— mv 


2 


U l _ 2 =-mgl 


+ ^1-2 - ^2 


1 2 7^2 

—mv n — mg l = —mv 

2 0 2 


Vo = v 2 + 2gl 


Newton’s law at © 

(a) For minimum v, tension in the cord must be zero. 

Thus, v 2 = gl 

Vo = v 2 + 2gl = 3gl v 0 = fegl ◄ 

(Z?) Force in the rod can support the weight so that v can be zero. 

Thus, Vo“0 + 2g/ v 0 = ^2gl A 
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PROBLEM 13.41 

A small sphere B of weight W is released from rest in the position shown 
and swings freely in a vertical plane, first about O and then about the peg A 
after the cord comes in contact with the peg. Determine the tension in the 
cord (a) just before the sphere comes in contact with the peg, (b) just after 
it comes in contact with the peg. 
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A 



B 


P 


PROBLEM 13.42 

A roller coaster starts from rest at A, rolls down the track to B, 
describes a circular loop of 40-ft diameter, and moves up and 
down past Point E. Knowing that h = 60 ft and assuming no 
energy loss due to friction, determine ( a ) the force exerted by his 
seat on a 160-lb rider at B and D, (b) the minimum value of the 
radius of curvature at E if the roller coaster is not to leave the 
track at that point. 
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PROBLEM 13.43 


A 



In Problem 13.42, determine the range of values of h for which 
the roller coaster will not leave the track at D or E, knowing 
that the radius of curvature at £ is p-15 ft. Assume no 
energy loss due to friction. 

PROBLEM 13.42 A roller coaster starts from rest at A, rolls 
down the track to B, describes a circular loop of 40-ft diameter, 
and moves up and down past Point E. Knowing that h — 60 ft 
and assuming no energy loss due to friction, determine (a) the 
force exerted by his seat on a 160-lb rider at B and D, (b) the 
minimum value of the radius of curvature at E if the roller 
coaster is not to leave the track at that point. 


SOLUTION 

Let y p be the vertical distance from Point A to any Point P on the track. Let position 1 be at A and position 
2 be at P. Apply the principle of work and energy. 


rr 1 2 

A = —mv P 
2 2 p 


7j=0 

U^ 2 =mgy P 
T i + U^ 2 = T 2 : 0 + mgy = -mv 


1 2 


p 2 P 


v~ P = 2gy P 


Magnitude of normal acceleration of P: 


(*p) B = — 


v"p _ 2 gv P 


Pp Pp 

The condition of loss of contact with the track at P is that the curvature of the path is equal to p p and the 
normal contact force N P = 0. 


Car at Point D. 



p D -r- 20 ft 

y D = h ~ 2r 

2 g(h- 2 r) 




f| £F = 


ma 


N d + mg = m 


2g(h-2r) 


N d = mg 


r 

2h-5r 
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V 



PROBLEM 13.44 

A small block slides at a speed v on a horizontal surface. Knowing 
that h — 0.9 m, determine the required speed of the block if it is to 
leave the cylindrical surface BCD when 6 - 30°. 
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PROBLEM 13.45 

A small block slides at a speed v = 8 ft/s on a horizontal surface at a 
height/? = 3ft above the ground. Determine (a) the angle<9at which it 
will leave the cylindrical surface BCD, (b ) the distance x at which it 
will hit the ground. Neglect friction and air resistance. 
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PROBLEM 13.46 

A chair-lift is designed to transport 1000 skiers per hour from the base 
A to the summit B. The average mass of a skier is 70 kg and the average 
speed of the lift is 75 m/min. Determine (a) the average power required, 
( b ) the required capacity of the motor if the mechanical efficiency is 
85 percent and if a 300 percent overload is to be allowed. 


SOLUTION 


Note: Solution is independent of speed. 


(a) 


Average power 


A U 
At 


(1000)(70kg)(9.81 m/s 2 )(300 m) _ ^ N-m 

3600 s ’ s 


Average power = 57.2 kW A 


( b ) Maximum power required with 300% over load 


100 + 300 
100 


(57.225 kW) = 229 kW 


Required motor capacity (85% efficient) 


Motor capacity = 


229 kW 
0.85 


= 269 kW 


◄ 
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PROBLEM 13.47 

It takes 15 s to raise a 1200-kg car and the supporting 300-kg hydraulic 
car-lift platform to a height of 2.8 m. Determine (a) the average output 
power delivered by the hydraulic pump to lift the system, (b) the average 
power electric required, knowing that the overall conversion efficiency 
from electric to mechanical power for the system is 82 percent. 


SOLUTION 

(a) 

(Pp) A = (F)(v a ) = ( m c +m L )(g)(v A ) 

v A = s/t = (2.8 m)/(15 s) = 0.18667 m/s 

(P p ) A = [(1200 kg) + (300 kg)] (9.81 m/s 2 )(0.18667 m/s) 3 

(P P ) A = 2.747 kJ/s 

(P P ) A = 2.75 kW ◄ 

(b) 

(P e )a ~ (Pp)/ r l - (2.75 kW)/(0.82) 

(P E ) A = 3.35 kW ◄ 
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PROBLEM 13.48 

The velocity of the lift of Problem 13.47 increases uniformly from zero to 
its maximum value at mid-height 7.5 s and then decreases uniformly to 
zero in 7.5 s. Knowing that the peak power output of the hydraulic pump is 
6 kW when the velocity is maximum, determine the maximum life force 
provided by the pump. 

PROBLEM 13.47 It takes 15 s to raise a 1200-kg car and the supporting 
300-kg hydraulic car-lift platform to a height of 2.8 m. Determine 
(a) the average output power delivered by the hydraulic pump to lift the 
system, ( b ) the average power electric required, knowing that the overall 
conversion efficiency from electric to mechanical power for the system is 
82 percent. 


SOLUTION 


Newton’s law 


1 ISOO A f ISOOh 

(-*—[ __ 3 r-L-| Mg = (M c +M L )g = (1200 + 300) g 

Lj-1 ~ 1 -J Mg = 1500g 


F +| XF = F-I500g =1500« 

(1) 

Since motion is uniformly accelerated, a — constant 


Thus, from (1), F is constant and peak power occurs when the velocity is a maximum at 7.5 s. 

a = Vmax <0- 

7.5 s 

OCOtOST^WT 

P = (6000 W) = (/ r )(v max ) 

Vmax =(6000 W 


—7.S"s -4--7.3J-J t 

Thus, a = (6000)/(7.5)(F) 

(2) 

Substitute (2) into (1) 


F -1500g = (1500)(6000)/(7.5)(F) 


F’ -(1500 kg,(9.81 m/ S V - fl5 °° ksK6 °°° N '=0 

(7.5 s) 


F 2 -14,715F-1.2x10 6 =0 


F = 14,800 N 

F = 14.8 kN ◄ 
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PROBLEM 13.49 


(a) A 120-lb woman rides a 15-lb bicycle up a 3-percent slope at a constant speed of 5 ft/s. How much power 
must be developed by the woman? ( b ) A 180-lb man on an 18-lb bicycle starts down the same slope and 
maintains a constant speed of 20 ft/s by braking. How much power is dissipated by the brakes? Ignore air 
resistance and rolling resistance. 
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PROBLEM 13.50 



A power specification formula is to be 
derived for electric motors which drive 
conveyor belts moving solid material at 
different rates to different heights and 
distances. Denoting the efficiency of the 
motors by 77 and neglecting the power 
needed to drive the belt itself, derive a 
formula (a) in the SI system of units for 
the power P in kW, in terms of the mass 
flow rate m in kg/h, the height b and 
horizontal distance l in meters, and ( b ) in 
U.S. customary units, for the power in 
hp, in terms of the material flow rate w 
in tons/h, and the height b and horizontal 
distance / in feet. 


SOLUTION 


(a) Material is lifted to a height b at a rate, (m kg/h)(g m/s 2 ) = [mg(N/h)| 


Thus, 


A U 
At 


[mg(N/h)][h(m)| 
(3600 s/h) 


' mgb 2 

v 3600, 


N-m/s 


1000 N-m/s = 1 kW 


Thus, including motor efficiency, lj 


P( kw) = 


mgb (N-m/s) 


(3600) 


1000 N-m/s 
kW 


in) 


P(kW) = 0.278xlO' 6 -^- ◄ 

n 


(b) 


With 77 , 


AU _ [W(tons/h)(2000 lb/ton)][fr(ft)] 
Ar 3600 s/h 


Wb 

L8 


ft Tb/s; 


hp = 


Wb 

-(ft-lb/s) 
1.8 


lhp = 550 ft ■ lb/s 


1 hp 

T 

L 550 ft - lb/s _ 

_n_ 


hp = 


1.010x10 _3 WZ7 

n 


◄ 
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PROBLEM 13.51 



In an automobile drag race, the rear (drive) wheels of 
a 1000 kg car skid for the first 20 m and roll with sliding 
impending during the remaining 380 m. The front wheels of 
the car are just off the ground for the first 20 m, and for the 
remainder of the race 80 percent of the weight is on the rear 
wheels. Knowing that the coefficients of friction are 
jU s = 0.90 and ju k = 0.68, determine the power developed by 
the car at the drive wheels (a) at the end of the 20-m portion 
of the race, (b) at the end of the race: Give your answer in kW 
and in hp. Ignore the effect of air resistance and rolling 
friction. 


SOLUTION 


(a) First 20 m. (Calculate velocity at 20 m.) Force generated by rear wheels = jl k W, since car skids. 


Thus, F s = (0.68X1000)(g) 

F s = (0.68X1000 kg)(9.81 m/s 2 ) = 6670.8 N 

Work and energy. 7j = 0, T 2 = — mv 20 = 500 v 20 

h + Ui-i ~ T 2 

U\_2 = (20 m )(F S ) = (20 m)(6670.8 N) 

£/j_ 2 = 133,420 J 


0 +133,420 = 500v 2 2 0 


2 133,420 

20 ~~ 500 


266.83 


v 20 = 16.335 m/s 

Power = (F s )(v 20 ) = (6670.8 N)(16.335 m/s) 
Power = 108,970 J/s =108.97 kJ/s 


1 kJ/s = 1 kW 
1 hp = 0.7457 kW 


Power = 109.0 kJ/s = 109.0 kW ◄ 


Power = 


(109.0 kW) 
(0.7457 kW/hp) 


146.2 hp ◄ 
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PROBLEM 13.51 (Continued) 

( b ) End of race. (Calculate velocity at 400 m.) For remaining 380 m, with 80% of weight on rear wheels, 

the force generated at impending sliding is (// s )(0.80 ){mg) 

F, =(0.90)(0.80)(1000kg)(9.81 m/s 2 ) 

F, = 7063.2 N 

Work and energy, from 20 m (2) to 28 m (3). 

v 2 = 16.335 m/s [from part (a)] 

T 2 =1(1000 kgX 16.335 m/s) 2 

T 2 = 133,420 J 

T 3 ~ ~ mv 380 = 500v 380 

U 2_3 = (Fj )(380 m) = (7063.2 N)(380 m) 

U 2 _ 3 =2,684,000 J 

t 2 +u 2 _3 = r 3 


(133,420 J) + (2,684,000 J) = 500 v- 


30 


v 30 = 75.066 m/s 


Power = (/y)(v 30 ) = (7063.2 N)(75.066 m/s) 
= 530,200 J/s 


kW Power = 530,200 J = 530 kW ◄ 
530 kW 


hp Power = 


(0.7457 kW/hp) 


= 711 hp ◄ 
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PROBLEM 13.52 

The frictional resistance of a ship is known to vary directly as the 1.75 power of the speed v of the ship. 
A single tugboat at full power can tow the ship at a constant speed of 4.5 km/h by exerting a constant force of 
300 kN. Determine (a) the power developed by the tugboat, (b) the maximum speed at which two tugboats, 
capable of delivering the same power, can tow the ship. 


SOLUTION 

(a) Power developed by tugboat at 4.5 km/h. 

v 0 = 4.5 km/h =1.25 m/s 
F 0 = 300 kN 

p 0 = F 0 v 0 = (300 kN)(1.25 m/s) 

(b) Maximum speed. 

Power required to tow ship at speed v: 


F = F n 


f V - 75 

v 


P = Fv = F 0 v 


V! 

1.75 


f \ 

V 

v v oy 


o 

, o 

II 

d’Oy 


2.75 


P n = 375 kW ◄ 


( 1 ) 


Since we have two tugboats, the available power is twice maximum power F 0 v 0 developed by one 
tugboat. 


2^o v o — Vo 


' V ^ 


v v o y 


( V - 75 

' V 1 


= 2 v = v 0 (2) 1/2 - 75 = v 0 (1.2867) 


Recalling that 


v 0 = 4.5 km/h 


v = (4.5 km/h)(1.2867) = 5.7902 km/h 


’ = 5.79 km/h ◄ 
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PROBLEM 13.53 

A train of total mass equal to 500 Mg starts from rest and accelerates uniformly to a speed of 90 km/h in 50 s. 
After reaching this speed, the train travels with a constant velocity. The track is horizontal and axle friction 
and rolling resistance result in a total force of 15 kN in a direction opposite to the direction of motion. 
Determine the power required as a function of time. 


SOLUTION 


Let F P be the driving force and F R be the resisting force due to axle friction and rolling resistance. 
Uniformly accelerated motion. (t < 50 s): 


At 


v = v 0 + at v 0 = 0 

t = 50s, v — 90 km/h = 25 m/s 

25 m/s = 0 + a(50) 
a = 0.5 m/s 2 
v = (0.5 m/s 2 )f 


Newton’s second law: 
where 


Power: 


Uniform motion. (t > 50 s): 


F p — F R — ma 

F r = 15 kN = 15xl0 3 N 
m = 500 Mg = 500xl0 3 kg 
a = 0.5 m/s 2 

F p = F r + ma = 15 x 10 3 + (500 xl0 3 )(0.5) 
= 265xl0 3 N = 265 kN 

F P v = (265 x 10 3 )(0.5?) 

(0 < 50s) 

a- 0 


Power: 


F P = F r = 15x10 3 N; v = 25 m/s 
F p v = (15x 10 3 )(25 m/s) = 375xl0 3 VT 


(t > 50 s) 


Power = (132.5 kW/s)t ◄ 


Power = 375 kW ◄ 
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PROBLEM 13.CQ2 

2m 

Two small balls A and B with masses 2m and m respectively are released 

tn 

- from rest at a height h above the ground. Neglecting air resistance, which of 


the following statements are true when the two balls hit the ground? 

1 

' (a) The kinetic energy of A is the same as the kinetic energy of B. 


( b ) The kinetic energy of A is half the kinetic energy of B. 


(c) The kinetic energy of A is twice the kinetic energy of B. 


id) The kinetic energy of A is four times the kinetic energy of B. 


SOLUTION 

Answer: (c) 
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PROBLEM 13.CQ3 


Block A is released from rest and slides down the frictionless ramp to 


the loop. The maximum height h of the loop is the same as the initial 

\ {T 

height of the block. Will A make it completely around the loop without 

I J 

losing contact with the track? 


(a) Yes 


(b) No 


(c) need more information 


SOLUTION 

Answer: ( b ) In order for A to not maintain contact with the track, the normal force must remain greater than 
zero, which requires a non-zero speed at the top of the loop. 
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PROBLEM 13.55 

A force P is slowly applied to a plate that is attached to two springs and causes a deflection x 0 . In each of the 
two cases shown, derive an expression for the constant k e , in terms of k l and k 2 , of the single spring 
equivalent to the given system, that is, of the single spring which will undergo the same deflection x 0 when 
subjected to the same force P. 




(b) 


SOLUTION 

System is in equilibrium in deflected x 0 position. 
Case (a) Force in both springs is the same = P 

x 0 —x 1 + x 2 

p 

Xn — — 


Thus, 


P 

P _ P P 

K k \ k-2 

1 _ i i 

K K k 2 


x,=- 


Case ( b ) Deflection in both springs is the same = x 0 

P = k x x 0 + k 2 x 0 
P = (k 1 + k 2 )x 0 
P = k e x o 

Equating the two expressions for 
P = (k l + k 2 )x 0 = k e x 0 


A \z. j 




—•—WVV\-- 


p 


_ ^ 

k { +k 


^— / VWAa^-| 





p 


K = k \ + k 2 ^ 
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PROBLEM 13.56 

A loaded railroad car of mass m is rolling at a constant 
velocity Vo when it couples with a massless bumper 
system. Determine the maximum deflection of the bumper 
assuming the two springs are ( a ) in series (as shown), 
( b ) in parallel. 


SOLUTION 

Let position A be at the beginning of contact and position B be at maximum deflection. 


o 


T, 1 2 

T. = —mv, 
2 

1/ A =0 
r B =o 


(zero force in springs) 

(v = 0 at maximum deflection) 


V B - ^ K x \ + 2 k 2 x 2 

where X\ is deflection of spring k\ and X 2 is that of spring k 2 . 
Conservation of energy: T A +V A =T B + V B 

mv o + 0 = 0 + k x x{ + k 2 x \ 

KjXj + k 2 x 2 = mv 0 

(a) Springs are in series. 

Let F be the force carried by the two springs. 


Then, 

Eq. (1) becomes 

so that 

The maximum deflection is 


F F 

x, = — and Xi = — 
1 h ~ k 0 


'± + _l a 

A k 2 j 


= mvo 


F — v oJ m / 


1 1 

V*t k 2 j 


S - x l + x 2 


1 1 

—h- 


K k : 


2 J 


( 1 + 1 > 

N 

l n / 

r i + n 

V k\ k 2 j 


l K k 2 J 


(1) 


: v n . m 


1 1 

— + - 


K k 


2 J 


8 — VQyfmikl + k^lk^ A 
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PROBLEM 13.56 (Continued) 


(b) Springs are in parallel. 

ii 

N> 

II 


Eq. (1) becomes 

+ k 2 )S 1 = mvo 

<? = v 0 1 m ◄ 

\h+k 2 
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PROBLEM 13.57 

A 600-g collar C may slide along a horizontal, semicircular rod 
ABD. The spring CE has an undeformed length of 250 mm and a 
spring constant of 135 N/m. Knowing that the collar is released 
from rest at A and neglecting friction, determine the speed of the 
collar (a) at B, ( b ) at D. 

X 

Dimensions in mm 


SOLUTION 


First calculate the lengths of the spring when the collar is at positions A, B, and D. 


Z A = V' 440 2 + 300 2 + 180 2 =562.14 mm 
l B = ^240 2 + 300 2 + 20 2 =384.71 mm 
l D =f 40 2 +300 2 +180 2 =352.14 mm 

The elongations of springs 

are given by e-l-l Q . 


e A =562.14-250 = 312.14 mm = 0.31214 m 
e B = 384.71-250 = 134.71 mm = 0.13471 m 
e D =352.14 -250 = 102.14 mm = 0.10214 m 

Potential energies: 

V=-ke 2 

2 


V A = 2.(135 N/m)(0.31214 m) 2 = 6.5767 J 

V B =2(135 N/m)(0.13471 m) 2 =1.2249 J 

V D =2(135 N/m)(0.10214 m) 2 =0.7042 J 

Since the semicircular rod ABC is horizontal, there is no change in gravitational potential energy. 

Mass of collar: 

m = 600 g = 0.600 kg 

Kinetic energies: 

T a = — mv A = 0.300 v A = 0 

T b = — mvjj = 0.300 v B 

t d = \ mv D = °-300v 2 
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PROBLEM 13.57 (Continued) 


(a) 

Speed of collar at B. 




Conservation of energy: 

T a +V a =T b+ V b 




0 +6.5767 = 0.300v 2 +1.2249 




v 2 =17.839 m 2 /s 2 

v B = 4.22 m/s M 

(b) 

Speed of collar at D. 




Conservation of energy: 

t a +v a =t d+ v d 




0 + 6.5767 = 0.300 v 0 2 + 0.7042 




v 2 =19.575 m 2 /s 2 

v D = 4.42 m/s A 
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PROBLEM 13.58 

A 3-lb collar is attached to a spring and slides without friction 
along a circular rod in a horizontal plane. The spring has an 
undeformed length of 7 in. and a constant k - 1.5 lb/in. 
Knowing that the collar is in equilibrium at A and is given a 
slight push to get it moving, determine the velocity of the 
collar (a) as it passes through B. (h) as it passes through C. 


SOLUTION 



L db = 7(8 + 6) 2 + 6 2 = 15.23 in. 


A>c ~ 8 i n - 

A L da — 20 - 7 = 13 in. 

A L db = 15.23 - 7 = 8.23 in. 

A L dc =8-7 = 1 in. 

(a) T a = 0, V A = ^k(AL DA f = ^(1.5)(13) 2 = 126.75 lb-in. 

= 10.5625 lb-ft 

T 1 2 1.5 2 

t b = -"n’B = — v B 

2 g 

V B = ^(1.5)(8.23) 2 = 50.8 lb-in. = 4.233 lb ft 

1 r 2 

T a + V A = T b + V B : 0 + 10.5625 = + 4.233 v B = 11.66 ft/s ◄ 
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PROBLEM 13.58 (Continued) 


(b) 

T a = 0, V A = 10.5625 lb ft, T c = L5 v 2 c 

V c = ^(1.5)(1) 2 = 0.75 lb in. = 0.0625 lb ft 



T A +V A =T C + V C : 0 + 10.5625 = L5 v 2 r + 0.0625 

a /i ^ 32 2 L 

v c = 15.01 ft/s A 
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PROBLEM 13.59 

A 3-lb collar C may slide without friction along a horizontal rod. 
It is attached to three springs, each of constant k — 2 lb/in. and 
6 in. undeformed length. Knowing that the collar is released from 
rest in the position shown, determine the maximum speed it will 
reach in the ensuing motion. 
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PROBLEM 13.60 

A 500-g collar can slide without friction on the curved rod BC in a 
horizontal plane. Knowing that the undeformed length of the spring 
is 80 mm and that k = 400 kN/m, determine (a) the velocity that the 
collar should be given at A to reach B with zero velocity, (b) the 
velocity of the collar when it eventually reaches C. 


SOLUTION 

(a) Velocity at A: 



T a =(; 0.25)v! 

A L a — 0.150 m - 0.080 m 
A L a = 0.070 m 

V A =\k^L A f 

V A = —(400xl0 3 N/m)(0.070 m) 2 

V A =980 J 

v b ~ o t b — 0 

A L b = 0.200 m - 0.080 m = 0.120 m 
V B =^£(AL g ) 2 = ^(400xl0 3 N/m)(0.120 m) 2 
V B = 2880 J 

Substitute into conservation of energy. 

T a +V a =T b +V b 0.25 v 2 +980 = 0 + 2880 

2 (2880-980) 

v A =- 

(0.25) 

v 2 = 7600 m 2 /s 2 



v A = 87.2 m/s A 
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PROBLEM 13.60 (Continued) 


( b ) Velocity at C: 

Since slope at B is positive, the component of the spring force F P , parallel to the rod, causes the block 
to move back toward A. 


T b =0, V B = 2880 J [from part (a)] 

1 2 (0-5 kg) 2 a 2 

I c = -mv c =--- v c = 0.25v c 

A L c = 0.100 m - 0.080 m = 0.020 m 

V c = ^k(AL c ) 2 = ^(400xl0 3 N/m)(0.020 m) 2 =80.0 J 


Substitute into conservation of energy. 


Tb+ v b= t c+ v c 0 + 2880 = 0.25v 2 +80.0 
=11,200 m 2 /s 2 


v c = 105.8 m/s A 
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PROBLEM 13.61 

An elastic cord is stretched between two Points A and B, located 800 mm apart in 
the same horizontal plane. When stretched directly between A and 5, the tension is 
40 N. The cord is then stretched as shown until its midpoint C has moved through 
300 mm to C'\ a force of 240 N is required to hold the cord at C\ A 0.1 kg pellet 
is placed at C', and the cord is released. Determine the speed of the pellet as it 
passes through C. 
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PROBLEM 13.61 (Continued) 


200 N 
800 N/m 


: 0.25 m 


40 N 
800 N/m 


= 0.05 m 


Position ®: 
Position©: 


7 ; =0 


v = Ifcx 2 = 1(800 N/m)(0.25 m) 2 = 25.0 N • m 
2 2 


m - 0.10 kg 


T 2 - i mv 2 = (0.1 kg) v 2 = 0.05 v\ 

V 2 =\kxl = ^(800 N/m)(0.05 m) 2 = 1 N • m 


Conservation of energy: 


Ti+ Vl =T 2 + V 2 

0 + 25.0 N • m = 0.05v 2 +1.0 N • m 

24.0 = 0.05v 2 v 2 = 21.909 m/s v 2 =21.9 m/s A 

Note: The horizontal force applied at the midpoint of the cord is not proportional to the horizontal distance C'C. 
A solution based on the work of the horizontal force would be rather involved. 
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PROBLEM 13.62 

An elastic cable is to be designed for bungee jumping from a tower 
130 ft high. The specifications call for the cable to be 85 ft long 
when unstretched, and to stretch to a total length of 100 ft when a 
600-lb weight is attached to it and dropped from the tower. 
Determine (a) the required spring constant k of the cable, (I?) how 
close to the ground a 186-lb man will come if he uses this cable to 
jump from the tower. 


SOLUTION 


(a) Conservation of energy: 

Vj =0 7j=0 V, = 100W 

Datum at ©: Vj = (100 ft)(600 lb) 

= 6xl0 4 ft • lb 

V 2 -0 t 2 =o 

V 2 =V g +V e =0 + h(l5ft) 2 

T l +V l =T 2 +V 2 
0 + 6xl0 4 =0 + (112.5 )k 

k = 533 lb/ft 

7j = 0 
W =186 lb 
Vj = (186)(130-d) 

T 2 = 0 

V 2 =v g +v e =0 + ^(533)(130- 85 -d ) 2 
V 2 = (266.67)(45 -d ) 2 


( b ) From (a), 


Datum: 



k = 533 Ib/ft ◄ 



85ft 

tuNST^ertneD^ 

(sTeercH't 




\lc> -ft 


d I ~\® 

— r/777 
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PROBLEM 13.62 (Continued) 

d = distance from the ground T l +V l =T 2 + V 2 

0 + (186)(130 - d) = 0 + (266.67)(45 - d) 2 
266.7 d 2 - 23815 d + 515827 - 0 

_ 23815 + V(23815) 2 -4(266.7)(515827) _ 36.99 ft 
(2)(266.7) “ 52.3 ft 

Discard 52.3 ft (since the cord acts in compression when rebound occurs). 

d = 37.0 ft ◄ 
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PROBLEM 13.63 

It is shown in mechanics of materials that the stiffness of an elastic cable is k — AE/L 
where A is the cross sectional area of the cable, E is the modulus of elasticity and L is 
the length of the cable. A winch is lowering a 4000-lb piece of machinery using at a 
constant speed of 3ft/s when the winch suddenly stops. Knowing that the steel cable 
has a diameter of 0.4 in., E — 29 x 10 6 lb/in 2 , and when the winch stops L — 30 ft, 
determine the maximum downward displacement of the piece of machinery from the 
point it was when the winch stopped. 


SOLUTION 


Mass of machinery: 

W 4000 2 / r. 

m = — = - = 124.22 lb • s /ft 

8 32.2 

Let position 1 be the state just before the winch stops and the gravitational potential V g be equal to zero at this 
state. 

For the cable, 

A = —(diameter ) 2 = —(0.4 in .) 2 = 0.12566 in 2 

4 4 


AE = (0.12556 in. 2 )(29xl0 6 lb/in 2 ) = 3.6442 x 10 6 lb 

For 

L = 30 ft, k = AE = 3 - 6 442xl0 6 ib _ 121.47 x 10 3 lb/ft 

L 30 ft 

Initial force in cable (equilibrium): 

F l =W = 4000 lb. 

Elongation in position 1 : 

a'i = Fl = 4000 = 0.03293 ft 

k 121.47 xlO 3 

Potential energy: 

Vj = —fct 2 = — 

1 2 1 2k 

(40001b) =65.860 ft lb 

(2)(121.47xl0 3 lb/ft) 

Kinetic energy: 

rjl 1 2 

1 , = — mv, 

1 2 1 

7j = 1(124.22 lb • s 2 /ft)(3 ft/s 2 ) = 558.99 ft • lb 
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Let position 2 be the position of 

PROBLEM 13.63 (Continued) 

maximum downward displacement. Let * 2 be the elongation in this position. 

Potential energy: 

V 2 =-kxl~W(x 2 -x 1 ) 

Kinetic energy: 

V 2 = |(121,47 x 10 3 )* 2 2 -(4000)(x 2 -0.03293) 

= 60.735 x 10 3 x 2 - 4000jc, +131.72 

T 2 = 0 (since v 2 = 0) 

Principle of work and energy: 

T \+y=T 2 +V 2 

Maximum displacement: 

558.99 + 65.860 = 60.735xl0 3 * 2 - 4000.r 2 +131.72 

60.735 x 10 3 * 2 2 - 4000x 2 - 493.13 = 0 
* 2 =0.12887 ft 

8 = * 2 -*i= 0.09594 ft <5 = 1.151 in. 
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-150 mm - 


- 250 mm ■ 


200 mm 


PROBLEM 13.64 

A 2-kg collar is attached to a spring and slides without friction in 
a vertical plane along the curved rod ABC. The spring is 
undeformed when the collar is at C and its constant is 600 N/m. 
If the collar is released at A with no initial velocity, determine its 
velocity (a) as it passes through B, ( b ) as it reaches C. 


SOLUTION 


Spring elongations: 

At A, x A =250 mm -150 mm = 100 mm = 0.100 m 

At B, =200 mm-150 mm = 50 mm = 0.050 m 

At C, x c = 0 

Potential energies for springs. 

(V A ) e =^kx 2 A =^(600)(0.100) 2 =3.00 J 

(V„)=-kxl=-( 600)(0.050) 2 = 0.75 J 

2 2 


g 

II 

o 

Gravitational potential energies: Choose the datum at level AOC. 


(V A ),=(V c ) g =0 


(V B ) g = -mg y = -(2X9.81X0.200) = -3.924 J 

Kinetic energies: 

o 

ii 

K 5 


t b =^ mv l =1 -00vb 

T c = — mv^ = 1.00 vy. 

(a) Velocity as the collar passes through B. 

Conservation of energy: 

Ta+V a =T b +Vb 


0 + 3.00 + 0 = 1.00 v'“+0.75-3.924 


Vg = 6.174 m 2 /s 2 x B - 2.48 m/s •*— M 
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PROBLEM 13.64 (Continued) 


(b) Velocity as the collar reaches C. 


Conservation of energy: T A + V A - T c + V c 


0 + 3.00 + 0 = 1.00vc+0 + 0 


— 3.00 m 2 /s 2 

v c = 1.732 m/sf A 
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I D 



PROBLEM 13.66 

A thin circular rod is supported in a vertical plane by a bracket 
at A. Attached to the bracket and loosely wound around the rod is a 
spring of constant k — 3 lb/ft and undeformed length equal to the 
arc of circle AB. An 8-oz collar C, not attached to the spring, can 
slide without friction along the rod. Knowing that the collar is 
released from rest at an angle 0 with the vertical, determine 
(a) the smallest value of 6 for which the collar will pass through D 
and reach Point A, ( b ) the velocity of the collar as it reaches Point A. 
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PROBLEM 13.68 

/ 

50 ke 

Cable 

A spring is used to stop a 50-kg package which is moving down a 
20° incline. The spring has a constant k — 30 kN/m and is held by 
cables so that it is initially compressed 50 mm. Knowing that the 



velocity of the package is 2 m/s when it is 8 m from the spring and 


8 in 

"'''7 ^ 20° 

neglecting friction, determine the maximum additional deformation 


of the spring in bringing the package to rest. 


SOLUTION 


Let position 1 be the starting position 8 m from the end of the spring when it is compressed 50 mm by the 
cable. Let position 2 be the position of maximum compression. Let x be the additional compression of the 
spring. Use the principle of conservation of energy. T l +V l =T 2 +V 2 . 

Position 1: 

7j = — mv 2 = —(50)(2) 2 =100J 


V lg = mgh\ = (50)(9.81)(8 sin 20°) = 1342.09 J 


V u = |fe 2 =|(30x10 3 )(0.050) 2 = 37.5 J 

Position 2: 

1 2 

T 2 =—mv 2 =0 since v 2 =0. 


V 2g =mgh 2 = (50)(9.81)(-xsin20°) = -167.76x 


V 2e =^kej = ^- (30 x 10 3 )(0.05 + x) 2 = 37.5 + 1500x + 15000x 2 

Principle of conservation of energy: 


100 + 1342.09 + 37.5 = -167.6 lx + 37.5 + 1500x + 15000x 2 

15, OOOx 2 + 1332.24x -1442.09 = 0 

Solving for x. 

x — 0.26882 and -0.357 64 x — 0.269 m A 
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PROBLEM 13.69 


2 m/s 



Solve Problem 13.68 assuming the kinetic coefficient of friction between 
the package and the incline is 0.2. 

PROBLEM 13.68 A spring is used to stop a 50-kg package which is 
moving down a 20° incline. The spring has a constant k - 30 kN/m 
and is held by cables so that it is initially compressed 50 mm. Knowing 
that the velocity of the package is 2 m/s when it is 8 m from the spring 
and neglecting friction, determine the maximum additional deformation 
of the spring in bringing the package to rest. 


SOLUTION 


Let position 1 be the starting position 8 m from the end of the spring when it is compressed 50 mm by the 
cable. Let position 2 be the position of maximum compression. Let x be the additional compression of the 
spring. Use the principle of work and energy. 7J + V 1 + U x ^ 2 = T 2 + V 2 


Position 1. 


Position 2. 


Work of the friction force. 


7] = —rnv[ = — (50)(2) 2 = 100 J 
V lg = mgh x = (50)(9.81)(8 sin 20°) = 1342.09 J 
U le =1^2 =I(30xl0 3 )(0.05) 2 =37.5 J 

1 2 

J 2 =— mv 2 =0 since v 2 = 0. 

V 2g =mgh 2 = (50)(9.81)(-.rsin20°) =-167.76x 
V 2e =\kej = 2- (30 x 10 3 )(0.05 + x) 2 = 37.5 + 1500x + 15, OOO.r 2 

+/ £F„= 0 
N - mg cos 20° = 0 

N - mg cos 20° 

= (50X9.81) cos 20° 

= 460.92 N 
F f -M k N 

= (0.2X460.92) 

= 92.184 
^i—>2 = —Ffd 

= -92.184(8 + x) 

= -737.47-92.184x 
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PROBLEM 13.70 

A section of track for a roller coaster consists of two circular 
arcs AB and CD joined by a straight portion BC. The radius of 
AB is 27 m and the radius of CD is 72 m. The car and its 
occupants, of total mass 250 kg, reach Point A with practically 
no velocity and then drop freely along the track. Determine the 
normal force exerted by the track on the car as the car reaches 
point B. Ignore air resistance and rolling resistance. 


SOLUTION 


Calculate the speed of the car as it reaches Point B using the principle of conservation of energy as the car 
travels from position A to position B. 

1 9 

Position A: v A = 0, T A = — mv A = 0, V A - 0 (datum) 

Position B: V B — —mgh 


where h is the decrease in elevation between A and B. 


T r = —mv 
B 2 


2 

B 


Conservation of energy: T A + V A -T B +V B : 

1 2 

0 + 0 = — mv# - mgh 
v« =2gh 

= (2)(9.81 m/s 2 )(27 m)(l-cos40°) 
= 123.94 m 2 /s 2 

Normal acceleration at B: 


, . vl 123.94 m 2 /s 2 „ , 2 

K )„ = — =-—-= 4-59 m/s- 

p 27 m 

(a B ) n = 4.59 m/s 2 T^50° 


Apply Newton’s second law to the car at B. 
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PROBLEM 13.70 (Continued) 

^£50'°XF n = ma n : /V - mg cos 40° = —ma n 

N = mg cos 40° — ma n = m(g cos 40° - a n ) 

= (250 kg) [(9.81 m/s 2 ) cos 40° - 4.59 m/s 2 ] 

= 1878.7 -1147.5 /V = 731N ◄ 
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PROBLEM 13.71 

A section of track for a roller coaster consists of two circular arcs 
AB and CD joined by a straight portion BC. The radius of A B is 
27 m and the radius of CD is 72 m. The car and its occupants, of 
total mass 250 kg, reach Point A with practically no velocity and 
then drop freely along the track. Determine the maximum and 
minimum values of the normal force exerted by the track on the 
car as the car travels from A to D. Ignore air resistance and 
rolling resistance. 
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PROBLEM 13.71 (Continued) 


where p is the radius of curvature. (p = 27 m) 


At Point A (0 = 0) 
At Point B (0 = 40°) 

Over portion BC, 

Over portion CD, 
and 


m a 2mgp(l~cos0) 

N - mg cos 6 ---= mg (3 cos 0-2) 

P 

N A = mg = (250X9.81) = 2452.5 N 
N b = ( 2452.5X3 cos 40°-2) 


N b =731 N 


0 = 40°, a n - 0 (straight track) 

N bc - mg cos 40° = 2452.5 cos 40° 

N bc =1879 N 

-K1-COS0) 

2 


mv 


a„ 


where r is the radius of curvature, (r = 72 m) 

N = mscos0 PdMlL 


= mg 

which is maximum at Point D, where 


( h 

■ mg cos 0 + 2 mg mdX -1 - cos 0 


f ? h 

3cos0-2 + ^^- 


1 + - 


2 h 


Data: 


Summary: 


N d = mg 

Knx - 27 + 18 = 45 m, r = 72m 
(2)(45)' 


N d = (2452.5) 


1 + - 


72 


= 5520 N 


minimum (just above B): 
maximum (at D): 


731 N ◄ 
5520 N ◄ 
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PROBLEM 13.72 


A 


IB 
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A 1-lb collar is attached to a spring and slides without friction along 
a circular rod in a vertical plane. The spring has an undeformed 
length of 5 in. and a constant k = 10 lb/ft. Knowing that the collar is 
released from being held at A determine the speed of the collar and 
the normal force between the collar and the rod as the collar passes 
through B. 
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PROBLEM 13.73 

A 10-lb collar is attached to a spring and slides without 
friction along a fixed rod in a vertical plane. The spring 
has an undeformed length of 14 in. and a constant k — 4 
lb/in. Knowing that the collar is released from rest in the 
position shown, determine the force exerted by the rod on 
the collar at (a) Point A, ( b ) Point B. Both these points are 
on the curved portion of the rod. 


SOLUTION 

Mass of collar: m = — = — = 0.31056 lb • s 2 /ft 

g 32.2 

Let position 1 be the initial position shown, and calculate the potential energies of the spring for positions 1, 
A, and B. l 0 = 14 in. 

l 1=y j (14 + 14) 2 +(14) 2 =31.305 in. 
x, = /, =31.305 -14 = 17.305 in. 

(v) = Lkx- = —(4)(17.305) 2 = 598.92 in • lb = 49.910 ft • lb 
2 2 

l A = f( 14) 2 +(14) 2 = 19.799 in. 
x A =l A -l 0 = 19.799 -14 = 5.799 in. 

(V ) = Ifcc 2 = —(4)(5.799) 2 = 67.257 in • lb = 5.605 ft • lb 
2 2 

l B = 14 + 14 = 28 in. 

x B = l B -1 0 - 28 -14 = 14 in. 

(V B ) e = ifcc 2 = i(4)(14) 2 = 392 in • lb = 32.667 ft • lb 

Gravitational potential energies: Datum at level A. 

(V0, =0 (V A ) H =0 

( V B )g =Wy = (10 lb)(—14 in.) = -140 in • lb = -11.667 ft • lb 
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Total potential energies: 


Kinetic energies: 


PROBLEM 13.73 (Continued) 

v = y +v 

e g 

v 1= 49.910 ft lb, V A =5.605 ft lb, V B = 21.0 ft • lb 


7] = 0 


T a = ^mv 2 =i- (0.31056) v 2 A = 0.15528v 2 
T b =^mv 2 B = ^(0.31056) v 2 = 0.15528v 2 


Conservation of energy: 


Conservation of energy: 


T t +V t =T A +V A : 


0 + 49.910 = 0.15528vf +5.605 


Ti+Vi=T b +V b 


0 + 49.910 = 0.15528V)) +21.0 


v 2 A = 285.32 ft 2 /s 2 


=186.18 ft 2 /s 2 


Normal accelerations at A and B. a n = v 2 Ip 

^ = 14 in. = 1.16667 ft 


K)« = 

( °b\i ~ 


285.32 ft 3 /s 2 
1.16667 ft 

189.10 ft 2 /s 2 


Spring forces at A and B: 


1.16667 ft 

F = kx 

F a = (4 lb/in.)(5.799 in.) 
F b =(4 lb/in.)(14 in.) 


(a A )„ =244.56 ft/s 2 1 


(a fi )„ =159.58 ft/s 2 


F, =23.196 lb ^45° 


F b =56.0 lb | 


To determine the forces (N A and N g ) exerted by the rod on the collar, apply Newton’s second law. 





-p- 


i>r 




(a) At Point A: 

t ZF = «7(a A )„: 

W + N a - F a sin 45° = m(a A )„ 

10 + N a - 23.196sin45° = (0.31056)(244.56) 



N A = 82.4 lb | ◄ 


(Z?) At Point B: 

ZF = m(a B ) n : 

N b = (0.31056X159.58) 


N„ =49.6 lb 
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PROBLEM 13.74 

An 8-oz package is projected upward with a velocity 
Vo by a spring at A; it moves around a frictionless 
loop and is deposited at C. For each of the two loops 
shown, determine (a) the smallest velocity Vo for 
which the package will reach C, (b) the corresponding 
force exerted by the package on the loop just before 
the package leaves the loop at C. 
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PROBLEM 13.75 

If the package of Problem 13.74 is not to hit the 
horizontal surface at C with a speed greater than 10 ft/s, 
(a) show that this requirement can be satisfied only by 
the second loop, ( b) determine the largest allowable 
initial velocity v 0 when the second loop is used. 


SOLUTION 



(a) Loop 1 

From Problem 13.74, at B 

U~o 


I 

_L 


T 

Yrig -0-5" 


T 0.<r Vfi 

if '-s- 


7 . 


v z B = gr = 48.3 ft 2 /s 2 => v B = 6.9498 ft/s 


T b = I mv 2 B = 1(0.01553)(48.3) = 0.37505 
V B = mg (1.5 + 1.5) = (0.5)(9) = 4.5 lb-ft 
T c = I mv 2 c = 1(0.01553)v|. = 0.007765v^ 


V c = 7.5(0.5) = 3.75 lb-ft 


T b + V B = T c + V c : 0.37505 + 4.5 = 0.007765v^. + 3.75 



( 2 ) 


v 2 = 144.887 => v c = 12.039 ft/s 
12.04 ft/s > 10 ft/s => Loop (1) does not work M 

( b) Loop 2 at A T A = ^-mv 0 2 = 0.007765 vq 

v A =o 

At C assume v c = 10 ft/s 

T c = 1m 2 = 0.007765 (10) 2 = 0.7765 
v c = 7.5 (0.5) = 3.75 

T a + V a = T c + V c : 0.007765vq = 0.7765 + 3.75 

v 0 = 24.144 v 0 = 24.1 ft/s M 
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PROBLEM 13.76 

A small package of weight W is projected into a 
vertical return loop at A with a velocity v 0 . The package 
travels without friction along a circle of radius r and is 
deposited on a horizontal surface at C. For each of the 
two loops shown, determine ( a ) the smallest velocity Vo 
for which the package will reach the horizontal surface 
at C, (b) the corresponding force exerted by the loop on 
the package as it passes Point B. 


SOLUTION 


6 - tp ^ 



Loop 1: 

(a) Newton’s second law at position C: 


+ 


j IF = 


ma: 


mg — m- 


v c = gr 


Conservation of energy between position A and B. 

T 1 2 

t a = -> nv o 

V A = 0 

rp 1 2 1 

T c = -mv c = -mgr 
V c = mg(2r) — 2 mgr 


1 2 1 

t a + v a= t c + v c : ~ mv o + 0 = -mgr + 2 mgr 

Vo = 5 gr 

Smallest velocity v 0 : v 0 = ^5gr -— 

(b) Conservation of energy between positions A and B. 

(b) T b = ^mvl; V B = mg(r) 

T a + V a= T b + V b■ \ mv l + 0 = \m\’l + mgr 


1 1 9 

— m(5 gr) + 0 = —mv B + mgr 


vl = 3 gr 
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PROBLEM 13.77 (Continued) 


Eliminating v 2 from Eqs. (1) and (2), 


v 0 - gl sin# = 2g/(l + sin#) 


1 

r 2 

^L-2 

1 

(5) 2 

3 

gl 

~ 3 

(9.81X0.6) 


= 0.74912 


# = 48.514° 


From Eq. (1), 

x and v coordinates at position 2. 


v 2 2 = (9.81)(0.6)sin 48.514° = 4.4093 m 2 /s 2 
v 2 = 2.0998 m/s 


x 2 -l cos# = 0.6cos48.514° = 0.39746 m 
y 2 =/sin# = 0.6sin48.514° = 0.44947 m 


Let t 2 be the time when the ball is a position 2. 

Motion on the parabolic path. The horizontal motion is 


At Point B. 


The vertical motion is 


x = -v 2 sin # = -2.0998 sin 48.514° 
= -1.5730 m/s 
x - x 2 -1.5730 (t — t 2 ) 


X B =0 


o = 0.39746 -1.5730 (t B -t 2 ) t B -t 2 = 0.25267 s 


1 2 

y = y 2 + V2 cos0(t-t 2 )--g(t-t 2 ) 


At Point B, 


y B = ^2 + X> COS 6 ( f B - f 2 ) - - 8 (h ~ h f 
y B = 0.44947 + (2.0998 cos 48.514°)(0.25267) 

-^(9.81)(0.25267) 2 

= 0.48779 m y B = 0.448 m ◄ 
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PROBLEM 13.78* 



Packages are moved from Point A on the upper floor of a warehouse to 
Point B on the lower floor, 12 ft directly below A, by means of a chute, 
the centerline of which is in the shape of a helix of vertical axis y and 
radius R — 8 ft. The cross section of the chute is to be banked in such a 
way that each package, after being released at A with no velocity, will 
slide along the centerline of the chute without ever touching its edges. 
Neglecting friction, (a) express as a function of the elevation y of a 
given Point P of the centerline the angle <f> formed by the normal to the 
surface of the chute at P and the principal normal of the centerline at 
that point, (b) determine the magnitude and direction of the force 
exerted by the chute on a 20-lb package as it reaches Point B. Hint: The 
principal normal to the helix at any Point P is horizontal and directed 
toward the y axis, and the radius of curvature of the helix is 
p=R[\ - (hl2nR) 2 \. 
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PROBLEM 13.80 


The force F = (yzi + zxj + xyk )/xyz, acts on the particle P(x,y,z) which moves in space, (a) Using the 
relation derived in Problem 13.79, show that this force is a conservative force. ( b ) Determine the potential 
function associated with F. 
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PROBLEM 13.80 (Continued) 


Thus, 

C 

1 

II 



/(x) = -lnx 


From (4), 

f (y,z) =-In y-]nz 


Substitute for f(y,z ) in(l) 

V = - In x - In y - lru 

V = -lnx^z 4 
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PROBLEM 13.81* 


B 


A force F acts on a particle P(x, y) which moves in the xy plane. 




Determine whether F is a conservative force and compute the work of F 
when P describes in a clockwise sense the path A, B. C, A including the 



a 

quarter circle x 2 + y 2 = a 2 , if (a) F = kyi , (b) F = k(yi + xj). 

c 

A‘ 





SOLUTION 

(a) 


dF dF 

F — ky F = 0 -^- = k -^- = 0 


Thus, 


dy 
dF r dF x 


dx 


F is not conservative. 


dy dx 

U A bca = J F' dr = J ky i dy] +J kyi ■ (dx i + dyj) +J ky i • dx j 

ABCA 

r B 

— 0, F is perpendicular to the path. 

J A 

f ky i ■ (dx i + dyj) = f ky dx 
J b ' J B 


From B to C, the path is a quarter circle with origin at A. 
Thus, x 2 + y 2 — a 2 


r 2 2 

y-y a — x 


Along BC, 


J kydx =J k jcd - x 1 dx = ■ 

r A 

J kyi ■ dx j = 0 (v = 0 on CA) 


U 


ABCA 


-m-o + 


7rka 


+ 0 


{b) F x = ky F =kx 




dy 
dF' dF 


dx 


F is conservative. 


dy dx 

Since ABCA is a closed loop and F is conservative, 


U 


Trkcr 


ABCA 


U ABCA - 0 
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PROBLEM 13.82* (Continued) 


Thus, 

u -^L ( / + y 2ar^^ 2+2ar l 

U BD = ( a 2 + la 2 ) 1/2 - (2a 2 ) 1/2 = a (S - ) 

^OABD ~ UO-A + UA-B + U B-D 



— ci + a (V^ — 1) 4- a (V3 — V2) 

UOABD — a ^ ^ 


AV od = V(a, a, a) - V(0,0,0) 

= -(a 2 + a 2 +a 2 ) 1/2 -0 

AV od = -aV3 4 

Thus, 

U OABD ~ ~^OD 
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PROBLEM 13.83* 

(a) Calculate the work done from D to O by the force P of 
Problem 13.82 by integrating along the diagonal of the cube, (b) Using 
the result obtained and the answer to part b of Problem 13.82, verify 
that the work done by a conservative force around the closed path 
OABDO is zero. 

PROBLEM 13.82 The potential function associated with a force P in 
space is known to be V(x, y, z) - ~(x + y~ + z~) "■ (a) Determine the 
x, y, and z components of P. (I?) Calculate the work done by P from O 
to D by integrating along the path OABD, and show that it is equal to 
the negative of the change in potential from O to D. 


SOLUTION 

From solution to (a) of Problem 13.82 

xi+yj+zk 

* / 2 . 2 . 2 , 1/2 
(x +y + z ) 

(a) U OD = [ P dr 

J o 

r = xi + yj + zk 
dr = dx i + z/vj + dzk 
xi + yj + zk 
(x +y +z ) 


Along the diagonal. 

K? 

II 

II 

X 


Thus, 

P dr= 3 * =J3 


(3x 2 ) 1/2 

Uo-d ~ f A dx = V3 a 

J 0 

u od = 4 

(b) 

UOABDO ~ td OABD + ^ DO 


From Problem 13.82 

U OABD=J3 a atleft 




The work done from D to O along the diagonal is the negative of the work done from O to D. 


U no — U on — V3u 


[see part (a)] 


Thus, 


U, 


OABDO 


= Sa - y/3 a = 0 
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PROBLEM 13.84* 

The force F = (xi + yj + zk)/(x + y~ + z )' acts on the particle P(x, y, z) which moves in space, (a) Using 
the relations derived in Problem 13.79, prove that F is a conservative force, (b) Determine the potential 
function V(x, y, z) associated with F. 


SOLUTION 

(a) 


F, = 


p y = 


dF, 


{x 2 + y 2 +z 2 ) m 


, 2 . 2 . 2x1/2 

(x +y +z ) 


i(-f)(2y) 

2 , 5/2 


dy (x +y 2 + z 2 )' 


Thus, 


dF y _ -y(~l) 2 - V 

dx (x 2 + y 2 + z 2 } 

o>F„ dF 


2 , 5/2 


dy dx 

The other two equations derived in Problem 13.79 are checked in a similar fashion. 


(b) Recalling that 


dx’ y d y’ ' dz 
dx 


{x 2 + y 2 +z 2 ) m 


dx 


V -(x 2 + y 2 + z 2 )~ V2 + f (y, z) 


Similarly integrating dV/dy and dVIdz. shows that the unknown function/(x, y) is a constant. 

V = 


(x 2 + y 2 + z 2 )^ 2 
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PROBLEM 13.85 

( a) Determine the kinetic energy per unit mass which a missile must have after being fired from the surface of 
the earth if it is to to reach an infinite distance from the earth. ( b ) What is the initial velocity of the missile 
(called the escape velocity )? Give your answers in SI units and show that the answer to part b is independent 
of the firing angle. 


SOLUTION 


At the surface of the earth. 

g = 9.81 m/s 2 


i\ — R — 6370 km = 6.37 xlO 6 m 

Centric force at the surface of the earth, 


GMm 

F = m 8 = 2 

R 1 


GM = gR 2 =(9.81)(6.37xl0 6 ) 2 =398.06xl0 12 m 3 /s 2 

Let position 1 be on the surface of the earth (i\ = R) and position 2 be at r 2 = OD. Apply the conservation of 

energy principle. 

Tl + Vl =T 2 +V 2 


1 2 GMm 1 2 GMm 

— mVj- = — mv 2 H - 

2 r i 2 r 2 

7 . , r GMm GMm 

T \~ T 2 + d 

A oo 

Ty T 2 GM T 2 

-A = — + - = -L + gR 

m m R m 

For the escape condition set 

^ = 0 
m 


— = gi? = (9.81 m/s 2 )(6.37xl0 6 m) = 62.49xl0 6 m 2 /s 2 
m 

(a) 

— = 62.5 MJ/kg ◄ 
m 


1 2 

2 mV esc = 8 r 


^'esc =sl 2 8 R 

(b) 

v esc =^/(2)(9.81)(6.37xl0 6 ) =11.18xl0 3 m/s v esc =11.18 km/s ◄ 

Note that the escape condition depends only on the speed in position 1 and is independent of the direction of 
the velocity (firing angle). 
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PROBLEM 13.86 

A satellite describes an elliptic orbit of minimum altitude 606 km 
above the surface of the earth. The semimajor and semiminor axes 
are 17,440 km and 13,950 km, respectively. Knowing that the speed 
of the satellite at Point C is 4.78 km/s, determine (a) the speed at 
Point A, the perigee, ( b ) the speed at Point 5, the apogee. 


17 440 km 


17 440 km 


SOLUTION 


r A — 6370 + 606 = 6976 km = 6.976 xlO 6 m 

r c = (17440 - 6976) 2 + (13950) 2 = 17438.4 km = 17.4384xl0 6 m 

r B = (2)(17440) - 6976 = 27904 km = 27.904x 10 6 m 
For earth, R = 6370 km = 6.37 X10 6 m 


GM =gR 2 =(9.81 m/s 2 )(6.370xl0 6 ) 2 = 398.06xl0 12 m 3 /s 2 


v c = 4.78 km/s = 4780 m/s 


(a) Speed at Point A: Use conservation of energy. 


t a +v a=T C + V c 

1 2 GMm 1 2 

-mv,-= —mv r 

2 r, 2 


GMm 


'c 


v A — v~ c + 2 GM 




1_1 

V r C ) 

= (4780) 2 + (2)(398.06xl0 12 ) 


6.976X10 6 17.4384X10 6 


= 91.318xl0 6 m 2 /s 2 
V A =9.556 xlO 3 m/s 


v A = 9.56 km/s -4 
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PROBLEM 13.87 

While describing a circular orbit 200 mi above the earth a space vehicle launches a 6000-lb communications 
satellite. Determine (a) the additional energy required to place the satellite in a geosynchronous orbit at an 
altitude of 22,000 mi above the surface of the earth, (b) the energy required to place the satellite in the same 
orbit by launching it from the surface of the earth, excluding the energy needed to overcome air resistance. 
(A geosynchronous orbit is a circular orbit in which the satellite appears stationary with respect to the ground). 
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PROBLEM 13.87 (Continued) 

( b ) Launch from earth 

* i , , jy GMm -gRjm 

At launch pad E e = -=--— = -WR E 

r e r e 

E e = -6000(3960x5280) = -1.25453 x 10 11 
A E e = E Gs - E e = -9.5681 x 10 9 + 125.453 x 10 9 

A E = 115.9 xlO 9 ft lb ◄ 

E 
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PROBLEM 13.88 


A lunar excursion module (LEM) was used in the Apollo moon-landing missions to save fuel by making it 
unnecessary to launch the entire Apollo spacecraft from the moon’s surface on its return trip to earth. Check 
the effectiveness of this approach by computing the energy per pound required for a spacecraft (as weighed on 
the earth) to escape the moon’s gravitational field if the spacecraft starts from (a) the moon’s surface, 
( b ) a circular orbit 50 mi above the moon’s surface. Neglect the effect of the earth’s gravitational field. (The 
radius of the moon is 1081 mi and its mass is 0.0123 times the mass of the earth.) 


SOLUTION 


Note: 

GM moon = 0.0123 GM earth 

By Eq. 12.30, 

GM moon = 0.0123 gR 2 E 

At °o distance from moon: r 2 = oo. 

Assume v 2 = 0 


E 2 —T 2 + V 2 


_q GM u m 

OO 


O 

1 

O 

II 


= 0 

(a) On surface of moon: 

R m =1081 mi = 5.7077 xio 6 ft 

o 

II 

o 

II 

R e = 3960 mi = 20.909 xlO 6 ft 

v _ GM M m 

1 Rm 

E,=T t+ V,=0- °° mSR ‘ m 

Rm 

_ (0.0123X32.2 ft/s 2 X20.909 xlO 6 ft) 2 m 

1 (5.7077 xlO 6 ft) 

We — Weight of LEM on the earth 


E l = (—30.336xl0 6 ft 2 /s 2 )m m = — 

8 


r 30.336X10 6 ft2/ A 
^ 32.2 ft/s 2 ) 


A E - E 2 - E l 


= 0 + (942.1xl0 3 ft- lb/lb )W E 

Energy per pound: 

A F 

-= 942xl0 3 ft • lb/lb ◄ 
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PROBLEM 13.89 

Knowing that the velocity of an experimental space probe 
fired from the earth has a magnitude v A = 32.5 Mm/h at 
Point A, determine the speed of the probe as it passes 
through Point B. 


SOLUTION 

r A = R + h A = 6370 + 4300 = 10740 km = 10.670x 10 6 m 
r B = 6370 +12700 = 19070 km = 19.070 x 10 6 m 
GM = g R 2 = (9.81)(6.370xl0 6 ) 2 =398.06xl0 12 m 3 /s 2 
v A = 32.5 Mm/h = 9.0278 x 10 3 m/s 



Use conservation of energy. 


t b +v b =t a +v a 


1 2 GMm 1 2 GMm 

-mv B -= ~mv A - 

2 r B 2 r A 


v -=v z a +2 GM 


A O 


= (9.0278 x 10 3 ) 2 + (2)(398.06 x 10 12 ) 


- 48.635 xlO 6 m 2 /s 2 


19.070xl0 6 10.670x10 s 


v B = 6.97x10 m/s 


= 25.1 Mm/h ◄ 
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R = 6370 kill 



1500 km 


PROBLEM 13.90 

A spacecraft is describing a circular orbit at an altitude of 1500 km 
above the surface of the earth. As it passes through Point A, its speed is 
reduced by 40 percent and it enters an elliptic crash trajectory with the 
apogee at Point A. Neglecting air resistance, determine the speed of the 
spacecraft when it reaches the earth’s surface at Point B. 


SOLUTION 


Circular orbit velocity 



r 


GM 


, GM = gR 2 


2 _ _ (9.81 m/s 2 )(6.370 x 10 6 m) 2 

C ~ r ~ r ~ (6.370 x 10 6 m + 1.500 x 10 6 m) 

v 2 = 50.579 x 10 6 m 2 /s 2 

v c = 7112 m/s 

Velocity reduced to 60% of v c gives v A = 4267 m/s. 

Conservation of energy: 


T a +V a =T b + V b 


2 



GM/i 


—)4v 
2 


GM 4 


1 (1 267 x 10 3 ) 2 9 - 81(637 ° x 1q6 > 2 - V 1 9.81(6.370 x 10 6 ) 2 

2' ' (7.870 xlO 6 ) 2 (6.370 x 10 6 ) 


v B = 6.48 x 10 3 m/s 


v B = 6.48 km/s A 
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PROBLEM 13.91 

Observations show that a celestial body traveling at 1.2xl0 6 mi/h appears to be describing about Point B a 
circle of radius equal to 60 light years. Point B is suspected of being a very dense concentration of mass called 
a black hole. Determine the ratio M B /M S of the mass at B to the mass of the sun. (The mass of the sun is 
330,000 times the mass of the earth, and a light year is the distance traveled by light in one year at a velocity 
of 186,300 mi/s.) 


SOLUTION 


'=• l-ZxiQ 4 ’— i,74 M o fc Pb/s 
= <aO Light 

One light year is the distance traveled by light in one year. 

Speed of light = 186,300 mi/s 

r = (60 yr)(l86,300 mi/s)(5280 ft/mi)(365 days/yr)(24 h/day)(3600 s/h) 
r — 1.8612xl0 18 ft 



Newton’s second law 


F _ GM B m 


= m- 


r 

2 


m b = 


rv 


*A 


IV) 


Mb 


GM carth = S R t 


earth 

= (32.2 ft/s 2 )(3960 mix5280 ft/mi) 2 
= 14.077 xl0 15 (ft 3 /s 2 ) 


M — 330, 000M F : GM -330,000 GM 


earth 


GM sua -(330,000)(14.077xlO 15 ) 
- 4.645 xl0 21 ft 3 /s 2 


G = 


M b = 


4.645x10 


21 


M s . 


rv 


rv 2 M , 


->21 


Mb 

M„, 


G 4.645x10" 
(1.8612xl0 ls )(1.76xl0 6 ) 2 


4.645x10 


21 


Mb 


--1.241X10 9 ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


642 





PROBLEM 13.92 

(a) Show that, by setting r-R + y in the right-hand member of Eq. (13.17') and expanding that member in a 
power series in y/R. the expression in Eq. (13.16) for the potential energy V g due to gravity is a first-order 
approximation for the expression given in Eq. (13.17'). ( b ) Using the same expansion, derive a second-order 
approximation for V g . 
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PROBLEM 13.93 

Collar A has a mass of 3 kg and is attached to a spring of constant 
1200 N/m and of undeformed length equal to 0.5 m. The system is 
set in motion with r = 0.3 m, v e - 2 m/s, and v r - 0. Neglecting the 
mass of the rod and the effect of friction, determine the radial and 
transverse components of the velocity of the collar when r — 0.6 m. 


SOLUTION 


Let position 1 be the initial position. 


r x = 0.3 m 


(v r )i = 0, (vglj = 2 m/s, Vj = 2 m/s 


h - 'i 


Let position 2 be when r- 0.6 m. 


■l 0 = (0.3 - 0.5) = -0.2 m 


r, = 0.6 m 


v 2 =? 


(v,.) 2 =?> (v,) 2 = ?. 

x 2 - r 2 -1 0 - (0.6 - 0.5) = 0.1 m 


Conservation of angular momentum: r x m(y e ) x = v 2 m(v e ) 2 


( v tf) 2 - 


_ r x (y e \ _ (0.3)(2) _ 


0.6 


= 1.000 m/s 


Conservation of energy: T x + V x -T 2 + V 2 


1 2 . 1/2 1 2 . 1/2 
— mv, +—kx, =— mv, H— kxr, 
2 2 2 2 


K ( 2 2 \ 
m ' 1 

= (2) 2 + 1M[ ( o.2) 2 -(0.1) 2 ] = 


2 2 . 

V 2 - V x + 

m 

;) 2 +- 

3 

(v,.) 2 = v 2 - (v e ) 2 =16-1 = 15 m 2 /s 2 


= 16 m 2 /s 2 


v, =±3.87 m/s 


v r - ±3.87 m/s 4 
v e = 1.000 m/s A 
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PROBLEM 13.94 

Collar A has a mass of 3 kg and is attached to a spring of constant 
1200 N/m and of undeformed length equal to 0.5 m. The system is set 
in motion with r = 0.3 m, vg = 2 m/s, and v r — 0. Neglecting the mass 
of the rod and the effect of friction, determine (a) the maximum 
distance between the origin and the collar, ( b ) the corresponding 
speed. (Hint: Solve the equation obtained for r by trial and error.) 
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PROBLEM 13.94 (Continued) 


Solve for r m by trial and error. 


> n ( m ) 

0.5 

1.0 

0.8 

0.7 

0.72 

0.71 

f( r J 

-27.8 

120.5 

24.8 

-4.9 

0.080 

-2.469 


r =0.72 


(0.01)(0.08) 
2.467 + 0.08 


= 0.7197 m 


(a) Maximum distance. 

( b ) Corresponding speed. 


(O2 ~ 


0.6 

0.7197 


= 0.8337 m/s 


( 02=0 


r m = 0.720 m ◄ 


v 2 = 0.834 m/s A 
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PROBLEM 13.95 

A 4-lb collar A and a 1.5-lb collar B can slide without friction 
on a frame, consisting of the horizontal rod OE and the vertical 
rod CD, which is free to rotate about CD. The two collars are 
connected by a cord running over a pulley that is attached to 
the frame at O. At the instant shown, the velocity of collar 
A has a magnitude of 6 ft/s and a stop prevents collar B from 
moving. If the stop is suddenly removed, determine (a) the 
velocity of collar A when it is 8 in. from O, (b) the velocity of 
collar A when collar B comes to rest. (Assume that collar B 
does not hit O, that collar A does not come off rod OE, and 
that the mass of the frame is negligible.) 


SOLUTION 


4 9 

Masses: m A = -= 0.12422 lb • s“/ft 

A 32.2 

m R = — = 0.04658 lb - s 2 /ft 
B 32.2 

Constraint of the cord . Let r be the radial distance to the center of collar A and y be the distance that collar B 
moves up from its initial level, y = Ar; y = v r 

(a) Let position 1 be the initial position just after the stop at B is removed and position 2 be when the collar 
is 8 in. (0.66667 ft) from O. 

rj = 4 in. = 0.33333 ft (v r ) t =0 
r 2 = 8 in. = 0.66667 ft 
Ar = y 2 =8-4=4 in. = 0.33333 ft 

Potential energy: V t = 0, 


V 2 = W B y 2 = (1.5X0.33333) = 0.5 ft • lb 
Conservation of angular momentum of collar A: 

m A r i( v e)i = m A r 2 (v e ) 2 

r y (v e \ _ (0.33333X6) 


( v tf )2 


0.66667 


- = 3 ft/s 


Conservation of energy: 7j + Vj = 7j + V 2 


—m A [(v r )i +(v e )l} + -m B y1 = -m A [(v r ) 2 2 + (v e ) 2 2 \ + -m B y 2 +V 2 
| m A [0 + (v e X 2 ] + 0 + 0 = ± m A [(v r )\ + ( v g )\ ] +1 m B (v r )\ + 0.5 
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PROBLEM 13.95 (Continued) 


|(0.12422)(6) 2 = |(0.12422)[(v r ) 2 + (3) 2 ] + |(0.04658)(v r ) 2 +0.5 
2.236 = 0.0621 l(v r ) 2 + 0.559 + 0.02329(v r ) 2 + 0.5 


( b ) 


0.0854(v,.)? =1.177 
(v r ) 2 = 13.78 ft 2 /s 2 


Let position 3 be when collar B comes to rest. 


(v r ) 2 =3.71 ft/s ◄ 
(v e ) 2 = 3.00 ft/s A 
v = 4.77 ft/s ◄ 


y 3 = r 3 - 0.33333, (v r ) 3 = 0, >>3 = 0 

Conservation of angular momentum of collar A. 

m A r \ (v e'>\ = m A r 3( v eh 

, , _ ^(yg )! _ (0.33333)(6) _ 2 

\ v 0>3 - - - 

r 3 r 3 r 3 

Conservation of energy: T l +V l =T 3 + V 3 


\ m A t(v r )? + (v*)f ] + ^ m B jm A [(v r ) 2 + (v fl ) 2 ] + ^y 2 + y 3 


^(0.12422) [0 + (6) 2 ] + 0 = i (0.12422) 


0 + 


^ 2 


VO 


+ 0 + (1.5)(r 3 -0.33333) 


2.236 


0.24844 , . 
-—+ l-5/j 

0 


-0.5 


1.5r 3 3 - 2.736r 3 2 + 0.24844 = 0 
Solving the cubic equation for r 3 , 

r 3 = 1.7712 ft, -0.2805 ft, 0.33333 ft 


Since r 3 > q = 0.33333 ft, the required root is 

r 3 =1.7712 ft 

Corresponding velocity of collar A: 


( v # X _ 


2 


2 

1.7712 


(v,.) 3 =0 ◄ 
(v e ) 3 =1.129 ft/s 4 

v 3 = 1.129 ft/s A 
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PROBLEM 13.96 

A 1.5-lb ball that can slide on a horizontal frictionless surface is attached to a 
fixed Point O by means of an elastic cord of constant k — 1 lb/in. and 
undeformed length 2 ft. The ball is placed at Point A, 3 ft from O, and given an 
initial velocity v 0 perpendicular to OA. Determine (a) the smallest allowable 
value of the initial speed v 0 if the cord is not to become slack, (h) the closest 
distance d that the ball will come to Point O if it is given half the initial speed 
found in part a. 


SOLUTION 


Let Li be the initial stretched length of the cord and A the length of the closest approach to Point O if the cord 
does not become slack. Let position 1 be the initial state and position 2 be that of closest approach to Point O. 
The only horizontal force acting on the ball is the conservative central force due to the elastic cord. At the point 
of closest approach the velocity of the ball is perpendicular to the cord. 

Conservation of angular momentum: t\m Vj = r 2 m v 2 

l^mvQ — L 2 mv 2 or v^ 

Conservation of energy: T l +V l = T 2 + V 2 

\mv\ + X -k(U - A ,) 2 

-—[(A - A ) 2 + (A - At) 2 ] 

m 

--[(A - At ) 2 + (A - At) 2 ] 

m 

Data: L 0 = 2 ft, = 3 ft 


\mv f + f *(£, - At) 2 


V, - V, = - 


Vn - 


f y 2 

4 0 


_ A y o 
' At 


(a) 


In — A) = 2 ft for zero tension in the cord at the point of closest approach. 
k = 1 lb/in. = 12 lb/ft 
m = W/g = 1.5/32.2 = 0.04658 lb • s 2 /ft 


2 


y 0 


(3r 12 r/0 ^ 

- t y o =-[(3 - 2) 

(2) 2 0.04658 

-1.25 vl = -257.6 


+ (2 - 2 ) 2 ] 


Vq = 206.1 ft 2 /s 2 


v 0 = 14.36 ft/s A 
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PROBLEM 13.96 (Continued) 


1 2 

( b) Let v 0 = (14.36 ft/s) = 7.18 ft/s" so that the cord is slack in the position of closest approach to Point O. 

Let position 1 be the initial position and position 2 be position of closest approach with the cord being 
slack. 


Conservation of energy: 


T\ +V\ = T 2 +V 2 

4 mv 0 + - A )) 2 


v 2 2 = Vq + —(L - Lo) 2 
m 


-mv 9 


= (7.18r + 


12 (3 - 2) 2 = 309.17 ft 2 /s 2 


0.04658 


v 2 = 17.583 ft/s 


Conservation of angular momentum: 

i\m Vj = r 2 m v 2 sin (f* 


r-, sin < 


= d = W _ Vo 


d = 


(3)(7.18) 

17.583 


d = 1.225 ft ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


650 





I 



PROBLEM 13.97 

A 1.5-lb ball that can slide on a horizontal frictionless surface is attached to a 
fixed Point O by means of an elastic cord of constant k = 1 lb/in. and undeformed 
length 2 ft. The ball is placed at Point A, 3 ft from O, and given an initial velocity 
Vq perpendicular to OA, allowing the ball to come within a distance d — 9 in. of 
Point O after the cord has become slack. Determine (a) the initial speed v 0 of the 
ball, ( b ) its maximum speed. 


SOLUTION 


Let L\ be the initial stretched length of the cord. Let position 1 be the initial position. Let position 2 be the 
position of closest approach to point after the cord has become slack. While the cord is slack there are no 
horizontal forces acting on the ball, so the velocity remains constant. While the cord is stretched, the only 
horizontal force acting on the ball is the conservative central force due to the elastic cord. At the point of 
closest approach the velocity of the ball is perpendicular to the radius vector. 


Conservation of angular momentum: 


Conservation of energy: 


Data: 


(a) 

( b ) Maximum speed. 


r l mv l = r 2 mv 2 
LyV o — dv 2 


or 


A 


Vo =— V, 


Tl + Vl =T 2 +V 2 

imv 0 2 +|fc(Z 1 -Z t) ) 2 =Imv 2 2 + 0 

v o ~ v \ =~—(L\ - Uf 
m 


Vn - 


A 


^ v ° 
\d j 


V k 

=—(A - A,) 

m 


Lq = 2 ft, Ly - 3 ft, d - 9 in. = 0.75 ft 
k = 1 lb/in. = 12 lb/ft 
m - Wig = 1.5/32.2 = 0.04658 lb • s 2 /ft 


3 Vq 
0.75 


12 (3-2) 2 


0.04658 


—15 Vn =-257.6 


2 /„ 2 


Vq =17.17 ft z /s 


V™ = 


3v'o 

0.75 


v 0 = 4.14 ft/s -4 
v m = 16.58 ft/s ◄ 
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PROBLEM 13.98 


Using the principles of conservation of energy and conservation of angular momentum, solve part a of Sample 
Problem 12.9. 
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PROBLEM 13.99 

Solve sample Problem 13.8, assuming that the elastic cord is 
replaced by a central force F of magnitude (80/r 2 ) N directed 
toward O. 



PROBLEM 13.8 Skid marks on a drag racetrack indicate 
that the rear (drive) wheels of a car slip for the first 20 m of 
the 400-m track, (a) Knowing that the coefficient of kinetic 
friction is 0.60, determine the speed of the car at the end of 
the first 20-m portion of the track if it starts from rest and the 
front wheels are just off the ground, (b) What is the maximum 
theoretical speed for the car at the finish line if, after skidding 
for 20 m, it is driven without the wheels slipping for the 
remainder of the race? Assume that while the car is rolling 
without slipping, 60 percent of the weight of the car is on the 
rear wheels and the coefficient of static friction is 0.75. 
Ignore air resistance and rolling resistance. 


SOLUTION 

(a) 


The force exerted on the sphere passes through O. Angular momentum about O is conserved. 
Minimum velocity is at B, where the distance from O is maximum. 

Maximum velocity is at C, where distance from O is minimum. 


r A mv A sin 60° = r m rnv m 


(0.5 m)(0.6 kg)(20 m/s)sin60° = r m ( 0.6 kg)v„. 

8.66 



Conservation of energy: 


At Point A, 

T a = i mvl = 3-(0.6 kg)(20 m/s) 2 = 120 J 
V = [ Fdr = f ^ dr = —, 


J J p 


V a = “ 8 °= 160 J 

A 0.5 

At Point B, 

Tb ~ ~ ,nv m = ~(0-6 kg)v 2 = 0.3v 2 
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PROBLEM 13.100 


A spacecraft is describing an elliptic orbit of minimum 
altitude h A — 2400 km and maximum altitude h B = 9600 km 
above the surface of the earth. Determine the speed of the 
spacecraft at A. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



656 






PROBLEM 13.101 

While describing a circular orbit, 185 mi above the surface of the 
earth, a space shuttle ejects at Point A an inertial upper stage (IUS) 
carrying a communication satellite to be placed in a geosynchronous 
orbit (see Problem 13.87) at an altitude of 22,230 mi above the 
surface of the earth. Determine (a) the velocity of the IUS relative 
to the shuttle after its engine has been fired at A, ( b ) the increase in 
velocity required at B to plae the satellite in its final orbit. 


SOLUTION 


For earth, R- 3960 mi = 20.909xlO 6 ft 

g = 32.2 ft 2 

GM = gR 2 =(32.2)(20.909xl0 6 ) 2 = 14.077 xlO 15 ft 3 /s 2 


Speed on a circular orbits of radius r, r A , and r B . 


F = ma n 
GMm mv 2 


,2 _GM 
r 



r A — 3960 + 185 = 4145 mi = 21.886x 10 b ft 


(v A > 


A 'circ 


14.077x10 5 , o , 

/-— = 25.362 x 10 2 ft/s 

' 21.886x10 s 


r B = 3960 + 22230 = 26190 mi = 138.283xlO b ft 


45 


(y B ). 


B 'circ 


14.077x10 =10089xl0 3 ft/s 

'138.283x10 s 


Calculate speeds at A and B for path AB. 

Conservation of angular momentum: mr A v A sin (p A = mr B v B sin (j) A 


r A v A sin90° _ 21.886x10 s v A 
r B sin90° ~ 138.283x10 s 


0.15816 
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PROBLEM 13.101 (Continued) 


Conservation of energy: 


t a +v a =t b+ v b 


1 2 GMm 1 2 GMm 

-mv A + -= -mv B - 


■ v B = 2 GM 


1 1 


2GM ( r H - r A ) 


'Bj 


r A r, 


A'B 


2 \2 (2)(14.077x10 15 )(1 16.397 x 10 s ) 

v A -(0.15816V,) =- 2 -t— 

(21.886xl0 6 )(138.283xl0 6 ) 

0.97499v~ =1.082796 xlO 9 

v A = 33.325 xlO 3 ft/s 

v B = (0.15816)(33.325 x 10 6 ) = 5.271 x 10 3 ft/s 

(a) Increase in speed at A: 

Av a = 33.325xl0 3 - 25.362xl0 3 = 7.963xl0 3 ft/s Av a = 7960 ft/s ◄ 

(b) Increase in speed at B: 

Av b = 10.089xlO 3 - 5.27lxlO 3 = 4.818xl0 3 ft/s Av^ = 4820 ft/s ◄ 
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PROBLEM 13.102 

A spacecraft approaching the planet Saturn reaches Point A with a 
velocity v A of magnitude 68.8 xlO 3 ft/s. It is to be placed in an elliptic 
orbit about Saturn so that it will be able to periodically examine Tethys, 
one of Saturn’s moons. Tethys is in a circular orbit of radius 183xl0 3 mi 
about the center of Saturn, traveling at a speed of 37.2xlO 3 ft/s. 
Determine (a) the decrease in speed required by the spacecraft at A to 
achieve the desired orbit, ( b ) the speed of the spacecraft when it reaches 
the orbit of Tethys at B. 
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350 x 10 3 km 100 x 10 3 km 
_\_ 



PROBLEM 13.103 

A spacecraft traveling along a parabolic path toward the planet Jupiter 
is expected to reach Point A with a velocity \ A of magnitude 26.9 km/s. 
Its engines will then be fired to slow it down, placing it into an elliptic 
orbit which will bring it to within 100 x 10 3 km of Jupiter. Determine the 
decrease in speed Av at Point A which will place the spacecraft into the 
required orbit. The mass of Jupiter is 319 times the mass of the earth. 


SOLUTION 

Conservation of energy. 

Point A: 

t a 

1 

= —m(v A — Av a ) 2 J 


Ne 

B 


V A 

—GMjtn 

rA 




GMj 

= 319GM £ =319gfl 2 




Re 

= 6.37x10 s m 




GMj 

= (319X9.81 m/s 2 )(6.37xl0 6 m) 2 




GMj 

= 126.98 xl0 15 m 3 /s 2 




r A 

= 350xlO 6 m 




V A 

-(126.98 xl0 15 m 3 /s 2 )m 
(350xl0 6 m) 




V A 

= -(362.8xl0 6 )m 



Point B: 







rp 1 2 

T B=- mV B 





_ ~GMjm _ -(126.98xlO 15 m 3 /s 2 )m 

B ~ r B _ (100xl0 6 m) 




=-(1269.8x10 6 )m 





t a+ v a =t h +v h 



—wi(y A - 

Av a ) 2 -362.8x10 6 m = ^-mv 2 -1269.8 xl0 6 m 




0 v A - 

a v a ) 2 -v 2 b = -1814x10 s 


(1) 
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Transfer 



PROBLEM 13.104 

As a first approximation to the analysis of a space flight from the 
earth to Mars, it is assumed that the orbits of the earth and Mars are 
circular and coplanar. The mean distances from the sun to the earth 
and to Mars are 149.6 x 10 6 km and 227.8 x 10 6 km, respectively. 
To place the spacecraft into an elliptical transfer orbit at Point A, its 
speed is increased over a short interval of time to v A which is faster 
than the earth’s orbital speed. When the spacecraft reaches Point B on 
the elliptical transfer orbit, its speed v B is increased to the orbital 
speed of Mars. Knowing that the mass of the sun is 332.8 x 10 3 
times the mass of the earth, determine the increase in velocity required 
(a) at A, ( b ) at B. 


SOLUTION 

M = mass of the sun 


Circular orbits 


GM = 332.8 (10) 3 (9.81 m/s 2 )(6.37 x 10 6 m) 2 = 1.3247(10) 20 m 3 /s 2 


Earth v F = j—^ = 29.758 m/s 

V 149 - 6 ( 10 ) 


Mars v M 


GM 


227.8(10) y 


24.115 m/s 


Conservation of angular momentum 

Elliptical orbit v A (149.6) = v /; (227.8] 


Conservation of energy 

1 2 _ GM _ 1 2 _ GM 
2 Va 149.6(10) 9 ~~ 2 Vb 227.8C10) 9 


v 


A 


(227.8) 

(149.6) 


1.52273 v B 


1 „ coo ^2..2 1.3247(10) 20 _ 1 ..2 1.3247(10) 20 

2 149.6C10) 9 2 227.8(10) 9 


0.65935= 3.0398C10) 8 
v 2 = 4.6102(10) 8 

v B = 21,471 m/s, v A = 32,695 m/s 

(a) Increase at A, v A — v E — 32.695 - 29.758 = 2.94 km/s ^ 

(b ) Increase at B, v B - v M = 24.115 - 21.471 = 2.64 km/s M 
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B 


PROBLEM 13.105 

The optimal way of transferring a space vehicle from an inner circular 
orbit to an outer coplanar circular orbit is to fire its engines as it passes 
through A to increase its speed and place it in an elliptic transfer orbit. 
Another increase in speed as it passes through B will place it in the 
desired circular orbit. For a vehicle in a circular orbit about the earth at 
an altitude /?, = 200 mi, which is to be transferred to a circular orbit 
at an altitude = 500 mi, determine (a) the required increases in speed 
at A and at B , (b) the total energy per unit mass required to execute the 
transfer. 
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6370 km 


PROBLEM 13.106 

During a flyby of the earth, the velocity of a spacecraft is 10.4 km/s as it 
reaches its minimum altitude of 990 km above the surface at Point A. At Point B 
the spacecraft is observed to have an altitude of 8350 km. Determine ( a ) the 
magnitude of the velocity at Point B, ( b ) the angle (j) B . 


SOLUTION 


At A: 


At B: 


(a) 


h = vr = [1.04(10) 4 m/s] [6.37(1 Of m + 0.990(10) 6 m] 


h = 76.544(10) 9 m 2 /s 


1 , 1 / \ 1 2 GM 

— ( T A+V A ) = 7 1 '- 

m 2 r 


= —[1.04(10) 4 ] 2 _ (9 - 81) [ 6 - 37(1Q)6]2 , 0 

2 [6.37(10) 6 + 0.990(10) 6 ] 


(Parabolic orbit) 


1 (T ^ v , _ 1 2 GM 
(Tb + Vb) - 7r v B _ ® 

m 2 r B 


J_ 2 _ (9.81)[6.37(10 6 )] 2 

2 Y ' b ~ [6.37(10) 6 + 8.35(10) 6 ] 

v 2 = 54.084(10) 6 


v B = 7.35 km/s A 


h B = v g sin (/) B r B = 76.544(10) 9 
. 76.544(10) 9 

sin®„ =-7--7-7- 

7.35(10 6 )[6.37(10) 6 + 8.35(10) 6 ] 

= 0.707483 

( b ) (/) B = 45.0° ◄ 
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PROBLEM 13.107 


Intended 
B T trajectory 



Actual 

trajectory 


A space platform is in a circular orbit about the earth at an altitude of 
300 km. As the platform passes through A, a rocket carrying a 
communications satellite is launched from the platform with a 
relative velocity of magnitude 3.44 km/s in a direction tangent to the 
orbit of the platform. This was intended to place the rocket in an 
elliptic transfer orbit bringing it to Point B, where the rocket would 
again be fired to place the satellite in a geosynchronous orbit of 
radius 42,140 km. After launching, it was discovered that the relative 
velocity imparted to the rocket was too large. Determine the angle y 
at which the rocket will cross the intended orbit at Point C. 
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PROBLEM 13.108 

A satellite is projected into space with a velocity Vo at a distance ro from the 
center of the earth by the last stage of its launching rocket. The velocity Vo 
was designed to send the satellite into a circular orbit of radius r 0 . However, 
owing to a malfunction of control, the satellite is not projected horizontally 
but at an angle a with the horizontal and, as a result, is propelled into an 
elliptic orbit. Determine the maximum and minimum values of the distance 
from the center of the earth to the satellite. 


SOLUTION 




For circular orbit of radius r, 


o 

F = ma n 
2 GM 


GMm v’n 


But v 0 forms an angle a with the intended circular path. 
For elliptic orbit. 

Conservation of angular momentum: 

r 0 tnv 0 cos a = r A mv A 


f 


m 

—coset IV, 


'0 


Conservation of energy: 

1 2 GMm 1 2 GMm 


■ = —mv A -- 
2 A 


2 2 
V 0 - 


Substitute for v, from(l) 


2 GM 


( r ^ 

1--^ 


1- 


V 


cos a 


But 


\'AJ 

2 GM 
v 0 =- 

r 0 


2 GM 


1-21 

V r Aj 


f .. Y 


cos a 


( \ 

2 

( \ 

^L 

<N 

1 


Sa) 


Ja, 


thus 1 - 


+ 1 = 0 


cos“ a- 2 


( r ^ 
1--^- 


(1) 
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km 

- w \ 

PROBLEM 13.109 

Vf /Vyr \ 

Upon the LEM’s return to the command module, the Apollo spacecraft of 

// 1740 km ) 

Problem 13.88 was turned around so that the LEM faced to the rear. The 

0 - ah 

LEM was then cast adrift with a velocity of 200 m/s relative to the command 


module. Determine the magnitude and direction (angle <p formed with the 


vertical OC) of the velocity vc of the LEM just before it crashed at C on the 

v » 1 \ / 

moon’s surface. 




SOLUTION 

Command module in circular orbit 

r B = 1740 + 140 = 1880 km = 1.88 xl0 6 m 
GM moon = 0.0123 GM earth = 0.0123 gR 2 

= 0.0123(9.81)(6.37xl0 6 ) 2 = 4.896xl0 12 m 3 /s 2 




v 0 = 1614 m/s v B — 1614- 200 = 1414 m/s 


Conservation of energy between B and C: 


1 2 GM m 

-mv B - 

2 r B 


1 2 

: —mv r ■ 
2 c 


GMm 


r c =R 


IGMm 


- 2--1 

R 


2 „ (4.896 xl0 12 m 3 /s 2 ) 

v r = (1414 m/s) 2 + 2- - 2 -- 

(1.88xl0 6 m) 


1.88X10 6 

1.74x10 s 


Vc = 1.999xl0 6 +0.4191x10 =2.418xl0 6 m-/s- 


v c = 1555 m/s -4 


Conservation of angular momentum: 

r B rnV B ~ R ,nv C 

sin t = Ml = »-88xlO‘mXI414m/s) = „ gm9 
r c v c (1.74x10 s m)(1555 m/s) 

(p-19.26° 


</> = 79.3° ◄ 
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225 ini 



R = 3960 mi 


PROBLEM 13.110 

A space vehicle is in a circular orbit at an altitude of 225 mi above the 
earth. To return to earth, it decreases its speed as it passes through A by 
firing its engine for a short interval of time in a direction opposite to the 
direction of its motion. Knowing that the velocity of the space vehicle 
should form an angle <p B = 60° with the vertical as it reaches Point B at 
an altitude of 40 mi, determine (a) the required speed of the vehicle as 
it leaves its circular orbit at A, ( b ) its speed at Point B. 
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PROBLEM 13.110 (Continued) 


Conservation of angular momentum: 

r A mv A = r B mv B sin <p B 

(r A )v A _ 4185 /^ 1 V 

B (r B )(sin^ B ) 4000' v sin 60° J A 

v B = 1.208 v A 


Substitute v B from (2) in (1) 

v 2 a =(1.208v a ) 2 -58.94 xlO 6 
v 2 [(1.208) 2 -l] = 58.94X10 6 

v 2 a = 128.27 xl0 6 ft 2 /s 2 


(a) 

(b) From (2) 


v B — 1.208v' a 

= 1.208(11.32x10 s ) 
= 13.68xl0 3 ft/s 


( 2 ) 


v A = 11.32xlO 3 ft/s ◄ 


v B =13.68xl0 3 ft/s ◄ 
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PROBLEM 13.111* 

In Problem 13.110, the speed of the space vehicle was decreased as it passed through A by firing its engine in 
a direction opposite to the direction of motion. An alternative strategy for taking the space vehicle out of its 
circular orbit would be to turn it around so that its engine would point away from the earth and then give it an 
incremental velocity A\ a toward the center O of the earth. This would likely require a smaller expenditure of 
energy when firing the engine at A, but might result in too fast a descent at B. Assuming this strategy is used 
with only 50 percent of the energy expenditure used in Problem 13.109, determine the resulting values of <p B 
and v B . 


SOLUTION 



Newton’s second law 


Energy expenditure: 
From Problem 13.110, 

Energy, 


F — ma„ 


GMm m(y A ), 


A 'civc 


(Vcirc 


GM 


,15 


14.077x10 
I 22.097 xlO 6 


= 25.24xl0 3 ft/s 


AEiog 

AEiog 

AEiog 

A^iio 


= 11.32xl0 3 ft/s 

1 / ,2 1 2 

= -m(v A ) arc --mv A 

= im(25.24xl0 3 ) 2 -^-m(11.32xl0 3 ) 2 
= 254.46 x10 s m ft • lb 


= (0.50)A£ 109 = 


(254.46 xlO 6 m) „ 

-it•lb 

2 
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PROBLEM 13.111* (Continued) 


Thus, additional kinetic energy at A is 

1 


x 2 (254.46x10 m) 


m( Av a ) =AE no =- 


Conservation of energy between A and B: 


T a = ^m[(v A ) 2 arc +(Av A ) 1 \ 


ft lb 


V A =- 


-GMm 


rr 1 2 

T B=- fnV B 


t a+V a =T b + V b 


V B = 


-GMm 


1 , n 3,2 254.46 xl0 6 m 14.077xl0 15 w 1 2 14.077xl0 15 /w 

—m(25.24x10 ) +-— = —mv B -— 


22.097x10° 


21.120x10° 


Vg = 637.06x10° +254.46x10° -1274.1x10° +1333x10° 
v 2 B = 950.4 xlO 3 


( 1 ) 


v B =30.88xlO 3 ft/s ◄ 


Conservation of angular momentum between A and B: 

r A m (y A ) circ = r B mv B sin </>B 




sini9 R = 


(v A )circ _ (4185) (25.24xlO 3 ) 


(v B ) (4000) (30.88X10 3 ) 


= 0.8565 


= 58.9° ◄ 
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PROBLEM 13.112 


Show that the values va and v P of the speed of an earth satellite 



where M is the mass of the earth, and r A and r P represent, 
respectively, the maximum and minimum distances of the orbit 
to the center of the earth. 


SOLUTION 



Conservation of angular momentum: 

r A mv A = r p mv p 



a, 

£•1 c* 

II 

CD 

Conservation of energy: 



1 2 GMm 1 2 GMm 

—mv P -= —mv A - 

2 r P 2 r A 

(2) 

Substituting for v A from (1) into (2) 

2 2 GM (r P \ 2 2 GM 

Vp = Vp 

r P vA J 


/ 

1 

V 

V r Aj J V r P r Aj 



r A~ r p ..2_™ r A -r P 



_ V p ■ Z-CJiVi 

r A r A r p 


with 

r A ~ r P ~ ( r A ~ r p)( r A + r p) 

r A +r p\ r P) 

Exchanging subscripts P and A 

*\= 2CM ['A Q.E.D. 

r A + r p\ r A) 

◄ 
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PROBLEM 13.113 

Show that the total energy E of an earth satellite of mass m 
describing an elliptic orbit is E - -GMm/(r A + r P ), where M is 
the mass of the earth, and r A and r P represent, respectively, 
the maximum and minimum distances of the orbit to the center 
of the earth. (Recall that the gravitational potential energy of a 
satellite was defined as being zero at an infinite distance from 
the earth.) 


SOLUTION 


See solution to Problem 13.112 (above) for derivation of Equation (3). 

v 2_ 2 GM r A 
(r A + r P )r P 


Total energy at Point P is 


— T 

T7 1 2 GMm 

_I_T7 _ mm. z 

— l p 

_ 1 

1 v p ~ 2 
\ 2GMm r A ] 

r F 

GMm 

~2 

Wa 

& 

+ 

1 

>'p 

= GMm 

r A 

1 ’ 



_r p (r A +rp) r p \ 

= GMm 

l 

C* 

1 

c* 

r p ) 


r P (r A +rp) 



GMm . 
E = -◄ 


Note: Recall that gravitational potential of a satellite is defined as being zero at an infinite distance from the 
earth. 
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PROBLEM 13.114* 

A space probe describes a circular orbit of radius nR with a velocity Vo about a planet of radius R and center O. 
Show that (a) in order for the probe to leave its orbit and hit the planet at an angle 6 with the vertical, its 
velocity must be reduced to ay o, where 


a = sin 0 


2(72-1) 

72 2 - sin 2 0 


( b ) the probe will not hit the planet if a is larger than ^2/(1 + n). 
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PROBLEM 13.115 

A missile is fired from the ground with an initial velocity v 0 forming an angle (j) {) with the vertical. If the 
missile is to reach a maximum altitude equal to aR, where R is the radius of the earth, (a) show that the 
required angle <p 0 is defined by the relation 


sin A = (\+a), 


a 


A. A 


1 + a 


where v esc is the escape velocity, (b) determine the range of allowable values of v 0 . 
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PROBLEM 13.116 



A spacecraft of mass m describes a circular orbit of radius r x around 
the earth, (a) Show that the additional energy A E which must be 
imparted to the spacecraft to transfer it to a circular orbit of larger 
radius r 2 is 


A£ _ GMm(r 2 — t ]) 

2r l r 2 

where M is the mass of the earth. (b) Further show that if the transfer 
from one circular orbit to the other is executed by placing the 
spacecraft on a transitional semielliptic path AB, the amounts of 
energy A E A and A E B which must be imparted at A and B are, 
respectively, proportional to r 2 and i\: 


r 2 

AE a =——A E 
>\ + r 2 


A E b = ^ A E 

>\ + r 2 


SOLUTION 

(a) For a circular orbit of radius r 

_ GMm v 2 

F — ma n : —— = m — 
r r 

2 _GM 


„ ^ „ 1 2 GMm 1 GMm 

E-T + V- —mv -=- 

2 r 2 r 



( 1 ) 


Thus AE required to pass from circular orbit of radius i] to circular orbit of radius r, is 


A E — E 1 E 2 - ^ 
GMm(r 2 — /j) 


1 GMm 1 GMm 


AE = 


lr x r 2 


(b) For an elliptic orbit, we recall Equation (3) derived in 
Problem 13.113 (with v P = v,) 


2 Gm 


v, =- 


(r 1 + r 2 ) )] 


-H- 


Q.E.D. 


(2) 
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PROBLEM 13.116 (Continued) 

At Point A: Initially spacecraft is in a circular orbit of radius r { . 

2 _ GM 


1 2 1 GM 

^circ = T mV circ = ~ m - 

2 2 r x 

After the spacecraft engines are fired and it is placed on a semi-elliptic path AB, we recall 


Vi = 


2 GM r. 


(i\+r 2 ) r x 


and 


1 


1 2 GMr, 


71 = —mvt = — m- 

2 2 rj(rj+r 2 ) 


At Point A, the increase in energy is 


AE a =t { -T ckc =-m 


1 2GM)\ 1 GM 


- m- 


AE a = 


2 r 1 (r 1 +r 2 ) 2 r t 

GMm(2r 2 — — r 9 ) GMm(r 2 — /j) 


Recall Equation (2): 


A7? a =- 


A£ a = 


2r 1 (r 1 + r 2 ) 


GMm(r 2 — rj) 


2r I (r 1 +r 2 ) 


2rp 


0i + r 2 ) 


-A£ 


A similar derivation at Point 7? yields, 


A£ b = A E 


ih + r 2 ) 


Q.E.D. 


Q.E.D. 
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PROBLEM 13.117* 

Using the answers obtained in Problem 13.108, show that the intended circular orbit and the resulting elliptic 
orbit intersect at the ends of the minor axis of the elliptic orbit. 

PROBLEM 13.108 A satellite is projected into space with a velocity Vo at a distance ro from the center of the 
earth by the last stage of its launching rocket. The velocity v 0 was designed to send the satellite into a circular 
orbit of radius r 0 . However, owing to a malfunction of control, the satellite is not projected horizontally but at 
an angle a with the horizontal and, as a result, is propelled into an elliptic orbit. Determine the maximum and 
minimum values of the distance from the center of the earth to the satellite. 
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PROBLEM 13.118* 

(a) Express in terms of r mm and v max the angular momentum per unit mass, h, and the total energy per unit 
mass, E/m, of a space vehicle moving under the gravitational attraction of a planet of mass M (Figure 13.15). 
(i b ) Eliminating v max between the equations obtained, derive the formula 


GM 


1 + Jl + 


2 E 


GM 


(c) Show that the eccentricity eof the trajectory of the vehicle can be expressed as 


L 2 E f h 

£ = . 1 +- 


m 


GM 


id) Further show that the trajectory of the vehicle is a hyperbola, an ellipse, or a parabola, depending on 
whether E is positive, negative, or zero. 
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PROBLEM 13.118* (Continued) 


Solving the quadratic: 
Rearranging 


1 GM 




r . h~ 

min 


1 GM 


GM 


+ 


2 (f) 


h- 


> 4 +- r " 

V m 


GM 


(c) Eccentricity of the trajectory: 

1 GM 


Eq. (12.39') 


(1 + £ COS 9) 


r h 1 

When 9 = 0, cos 9 = 1 and r = r niin 


Thus, 


1 GM 

— = -rr( 1 + f ) 


r h 

min 


Comparing (3) and (4), 


£ = .11 + 


2 E 


m 


h 


GM 


( d ) Recalling discussion in section 12.12 and in view of Eq. (5) 

1. Hyperbola if £>], that is, if E > 0 

2. Parabola if £ = 1, that is, if E = 0 

3. Ellipse if £ < 1, that is, if E < 0 
Note: For circular orbit £ - 0 and 

2 E 


1 + - 


m 


f h v 



f GM 4 m 

— =0 

or 

e =-\ 

- - 

[GM ) 



{ h J 2 


but for circular orbit 

thus 


2 

V - 


GM 


1 (GM) 

E — - m - 

2 GMr 


and h 2 = v 2 r 2 = GMr, 

1 GMm 


2 r 


( 3 ) ◄ 


(4) 

(5) 


◄ 

◄ 

◄ 
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PROBLEM 13.CQ4 

A large insect impacts the front windshield of a sports car traveling down a road. Which of the following 
statements is true during the collision? 

(a) The car exerts a greater force on the insect than the insect exerts on the car. 

(b) The insect exerts a greater force on the car than the car exerts on the insect. 

(c) The car exerts a force on the insect, but the insect does not exert a force on the car. 

(d) The car exerts the same force on the insect as the insect exerts on the car. 

( e ) Neither exerts a force on the other; the insect gets smashed simply because it gets in the way of the car. 


SOLUTION 

Answer: ( d) This is Newton’s 3rd Law. 
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V ,v ^ 

PROBLEM 13.CQ5 

ffyy JgB 

The expected damages associated with two types of perfectly plastic collisions are to 

Case 1 


be compared. In the first case, two identical cars traveling at the same speed impact 
each other head on. In the second case, the car impacts a massive concrete wall. In 



which case would you expect the car to be more damaged? 

(235 


(a) Case 1 

(< b ) Case 2 

Case 2 


(c) The same damage in each case 


SOLUTION 

Answer: (c) In both cases the car will come to a complete stop, so the applied impulse will be the same. 
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PROBLEM 13.FI 

The initial velocity of the block in position A is 30 ft/s. The coefficient 
of kinetic friction between the block and the plane is fj k — 0.30. Draw 
impulse-momentum diagrams that could be used to determine the time 
it takes for the block to reach B with zero velocity, if 6 - 20°. 
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P(lb) 



PROBLEM 13.F2 


i ,P 



A 4-lb collar which can slide on a frictionless vertical rod is acted upon 
by a force P which varies in magnitude as shown. Knowing that the 
collar is initially at rest, draw impulse-momentum diagrams that could 
be used to determine its velocity at t— 3 s. 


| 41b 


1 

3 1 

2 

3 t(s) 


SOLUTION 


Answer: 





Where 



Pdt is the area under the curve. 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


691 






PROBLEM 13.F3 


16 in 

’ Y 


The 15-kg suitcase A has been propped up against one end 
of a 40-kg luggage carrier B and is prevented from sliding 
down by other luggage. When the luggage is unloaded and 
the last heavy trunk is removed from the carrier, the 
suitcase is free to slide down, causing the 40-kg carrier to 
move to the left with a velocity v B of magnitude 0.8 m/s. 
Neglecting friction, draw impulse-momentum diagrams 
that could be used to determine (a) the velocity of A as it 
rolls on the carrier and ( b ) the velocity of the carrier after the 
suitcase hits the right side of the carrier without bouncing 
back. 
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PROBLEM 13.F4 




PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


693 






B' 

PROBLEM 13.F5 

/ 


Two identical spheres A and B , each of mass m, are attached to an 
inextensible inelastic cord of length L and are resting at a distance a from 


each other on a frictionless horizontal surface. Sphere B is given a velocity 

/ 

// i 


Vo in a direction perpendicular to line AB and moves it without friction until it 
reaches B' where the cord becomes taut. Draw impulse-momentum diagrams 
that could be used to determine the magnitude of the velocity of each sphere 

A(J . 

> 

immediately after the cord has become taut. 

l_—l 
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PROBLEM 13.119 

A 35,000 Mg ocean liner has an initial velocity of 4 km/h. Neglecting the frictional resistance of the water, 
determine the time required to bring the liner to rest by using a single tugboat which exerts a constant force of 
150 kN. 
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PROBLEM 13.120 

A 2500-lb automobile is moving at a speed of 60 mi/h when the brakes are fully applied, causing all four 
wheels to skid. Determine the time required to stop the automobile (a) on dry pavement {/Uk = 0.75), (b) on an 
icy road (/J^ — 0.10). 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


696 






PROBLEM 13.121 

A sailboat weighing 980 lb with its occupants is running down 
wind at 8 mi/h when its spinnaker is raised to increase its speed. 
Determine the net force provided by the spinnaker over the 10-s 
interval that it takes for the boat to reach a speed of 12 mi/h. 


SOLUTION 


Vj = 8 mi/h = 11.73 ft/s t t _ 2 =10 sec 
v 2 = 12 mi/h = 17.60 ft/s 


L---.. > + = < - 

m ■ v 1 + imp^, = mv 2 
m( 11.73 ft/s) + F n (10 s) = m(17.60 ft/s) 


(980 lb)(17.60 ft/s -11.73 ft/s) 
(32.2 ft/s 2 )(10 s) 


F„ =178.6 lb ◄ 


Note: F n is the net force provided by the sails. The force on the sails is actually greater and includes the force 
needed to overcome the water resistance on the hull. 
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PROBLEM 13.122 

A truck is hauling a 300-kg log out of a ditch using a 
winch attached to the back of the truck. Knowing the 
winch applies a constant force of 2500 N and the 
coefficient of kinetic friction between the ground and 
the log is 0.45, determine the time for the log to reach a 
speed of 0.5m/s. 
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PROBLEM 13.123 



A truck is traveling down a road with a 3-percent grade at a 
speed of 55 mi/h when the brakes are applied. Knowing the 
coefficients of friction between the load and the flatbed trailer 
shown are ju s = 0.40 and //* = 0.35, determine the shortest 
time in which the rig can be brought to a stop if the load is not 
to shift. 


SOLUTION 


Apply the principle impulse-momentum to the crate, knowing that, if the crate does not shift, the velocity of 
the crate matches that of the truck. For impending slip the friction and normal components of the contact force 
between the crate and the flatbed trailer satisfy the following equation: 



wjVj -l-ZImpj^T = m \ 2 

Components in y-direction: 0 + Nr- mgt cos 9 - 0 

N = mg cos 9 

Components in v-di recti on: mv 1 + mgt sin 9 - jil s Nt = mv 2 

m\\ + mgt{sm 9 - jU s cos 9) - 0 

t = -—- 

g({l s cos 9- sin 9) 

Data: v 1 = 55 mi/h = 80.667 ft/s, v 2 = 0, 

g = 32.2 ft/s 2 , ju s = 0.40, tan6» = 3/100 
9 = 1.71835° 

jU s cos 9 - sin 9 - 0.36983 
80.667 

~ (32.2X0.36983) 


t = 6.77 s ◄ 
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PROBLEM 13.124 

Steep safety ramps are built beside mountain highways to enable 
vehicles with defective brakes to stop. A 10-ton truck enters a 15° ramp 
at a high speed Vo = 108 ft/s and travels for 6 s before its speed is 
reduced to 36 ft/s. Assuming constant deceleration, determine (a) the 
magnitude of the braking force, ( b ) the additional time required for the 
truck to stop. Neglect air resistance and rolling resistance. 


SOLUTION 







W = 20,000 lb 


16 




A 


a) 

20,000 1101u 2/ ~ 

m = - = 621.118 lb s“/ft 

32.2 





Momentum in the x direction 



r r 


x: mv 0 — (F + /7!gsinl5°)t = mv l 



\ 


621.118(108) - (F + n?gsinl5°)6 

= (621.118)(36) 



F + /7jgsinl5° 

= 7453.4 



(a) 

F = 7453.4 - 20,000 sinl5° = 2277 lb 





F = 2280 lb ◄ 



(b) 

mv o — (F + mg sinl5°)f = 0 

t — total time 




621.118(108) -7453.4r = 0; 

t- 9.00 s 




Additional time = 9-6 

t = 3.00 s ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


700 





PROBLEM 13.125 

Baggage on the floor of the baggage car of a high-speed train is not prevented from moving other than by 
friction. The train is travelling down a 5 percent grade when it decreases its speed at a constant rate from 
120 mi/h to 60 mi/h in a time interval of 12 s. Determine the smallest allowable value of the coefficient of 
static friction between a trunk and the floor of the baggage car if the trunk is not to slide. 
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PROBLEM 13.126 


A 2-kg particle is acted upon by the force, expressed in newtons, F = (8 — 6t)i + (4 - f 2 )j + (4 + 1) k. Knowing 
that the velocity of the particle is v = (150 m/s)i + (100 m/s)j - (250 m/s)k at t - 0. determine (a) the time at 
which the velocity of the particle is parallel to the yz plane, (b) the corresponding velocity of the particle. 
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PROBLEM 13.127 

A truck is traveling down a road with a 4-percent grade at a speed of 60 mi/h when its brakes are applied to 
slow it down to 20 mi/h. An antiskid braking system limits the braking force to a value at which the wheels of 
the truck are just about to slide. Knowing that the coefficient of static friction between the road and the wheels 
is 0.60, determine the shortest time needed for the truck to slow down. 
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PROBLEM 13.128 



Skid marks on a drag race track indicate that the rear (drive) 
wheels of a car slip for the first 20 m of the 400-m track. 
(a) Knowing that the coefficient of kinetic friction is 0.60, 
determine the shortest possible time for the car to travel the 
initial 20-m portion of the track if it starts from rest with its 
front wheels just off the ground. ( b ) Determine the minimum 
time for the car to run the whole race if, after skidding for 20 m, 
the wheels roll without sliding for the remainder of the race. 
Assume for the rolling portion of the race that 65 percent of the 
weight is on the rear wheels and that the coefficient of static 
friction is 0.85. Ignore air resistance and rolling resistance. 


SOLUTION 


(a) 


First 20 m 

Velocity at 20 m . Rear wheels skid to generate the maximum force resulting in maximum velocity and 
minimum time since all the weight is on the rear wheel: This force is F — ju k N — 0.60M 7 . 

Work and energy . T Q + U Q _ 20 = T 20 

T 0 —0 U 0 _ 20 = (F)( 20) T 20 = —mv 20 

1 9 

0 + /4mg(20) = -mv 20 

v 2 2 0 = (2)(0.60)(20 m)(9.81 m/s 2 ) 


v 20 = 15.344 m/s 


Impulse-momentum . 




Vn 


"+* 0 + Mk m S t o-io = mv 20 V 20 = 15.344 m/s 


15.344 m/s 
(0.60X9.81 m/s 2 ) 


^ 0-20 — 2.61 s M 
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PROBLEM 13.129 

The subway train shown is traveling at a speed of 30 mi/h 
when the brakes are fully applied on the wheels of cars B and 
C, causing them to slide on the track, but are not applied on the 
wheels of car A. Knowing that the coefficient of kinetic 
friction is 0.35 between the wheels and the track, determine 
(a) the time required to bring the train to a stop, (b) the force in 
each coupling. 


SOLUTION 

Weights of cars: 

Masses of cars: 

For each car the normal force (upward) is equal in magnitude to the weight of the car. 

N A = N c = 80,000 lb N b = 100,000 lb 


IV, = W r = 80,000 lb, W B = 100,000 lb 


m A = m c = 2484 lb • s 2 /ft, m B = 3106 lb • s 2 /ft 


Friction forces: 


Stopping data: 


f a = o 


(brakes not applied) 
F b = (0.35X100,000) = 35000 lb 
F c = (0.35X80,000) = 28,0001b 

v 1 = 30 mi/h = 44 ft/s, v 2 = 0. 


(a) Apply the principle of impulse-momentum to the entire train. 

m = m A + m B + m c = 8074 lb • s 2 /ft 
F - F A + F B + F c - 63,000 lb 
—mvj + Ft — mv 2 

t = m ( Vt ~ V 2 ) = ( 8074 )( 44 ) _ 5 639 s 
F 63,000 

(b) Coupling force F AB . 

Apply the principle of impulse-momentum to car A alone. 


. A 

wj -uzy 


-4- 


t = 5.64 s A 





~ m A v \ + F A t + F AB t = 0 
-(2484) (44) + 0 + F ab (5.639) = 0 


F ab = 19,390 lb 


F ab = 19,390 lb (tension) 4 
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PROBLEM 13.129 (Continued) 


Coupling force F BC : 

Apply the principle of impulse-momentum to car C alone. 

1 ~ t 


1 c i 

II 

O 

?! 

+ 

C 1 


05 OO 

->- 

Fct 

~ m C V 1 + ~ F, BC t ~ ® 

-(2484)(44) + (28000X5.639) - C bc (5.639) = 0 



O 


F bc = 8620 lb 

F bc = 8620 lb (tension) 4 
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PROBLEM 13.130 

Solve Problem 13.129 assuming that the brakes are applied only on the wheels of car A. 

PROBLEM 13.129 The subway train shown is traveling at a speed of 30 mi/h when the brakes are fully 
applied on the wheels of cars B and C, causing them to slide on the track, but are not applied on the wheels of 
car A. Knowing that the coefficient of kinetic friction is 0.35 between the wheels and the track, determine 
(a) the time required to bring the train to a stop, (b) the force in each coupling. 


SOLUTION 


Weights of cars: W A = W c = 80,000 lb, W B = 100,000 lb 

Masses of cars: m A = m c = 2484 lb • s 2 /ft, m B = 3106 lb -s 2 /ft 

For each car the normal force (upward) is equal in magnitude to the weight of the car. 

N a = N c = 80,000 lb N b = 100,000 lb 

Friction forces: F A = (0.35)(80,000) = 28,000 lb 

F b = 0] 

F 1 (brakes not applied) 

Stopping data: v, = 30 mi/h = 44 ft/s, v, = 0. 

(a) Apply the principle of impulse-momentum to the entire train. 

m = m A + m B + m c = 8074 lb • s 2 /ft 
F - F A + F B + F c - 28,000 lb 
- m\\ + Ft = mv 2 


t = "fr - ^ = (8074)(44) = 12.688 s 
F 28,000 


t = 12.69 s A 


(b) 


Coupling force F AB : 

Apply the principle of impulse-momentum to car A alone. 


. A 


m hA r t 


+ 



-m A v, + F A t + F AB t = 0 
_(2484)(44) + (28,000)(12.688) + 7^(12.688) = 0 

F ab = -19,390 lb F ab = 19,390 lb (compression) A 
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PROBLEM 13.131 


90 km/li 



A trailer truck with a 2000-kg cab and an 8000-kg trailer is 
traveling on a level road at 90 km/h. The brakes on the trailer 
fail and the antiskid system of the cab provides the largest 
possible force which will not cause the wheels of the cab to 
slide. Knowing that the coefficient of static friction is 0.65, 
determine (a) the shortest time for the rig to come to a stop, 
( b ) the force in the coupling during that time. 


SOLUTION 


v = 90 km/h = 25 m/s 


0) 


The shortest time for the rig to come to a stop will be when the friction force on the wheels is maximum. 
The downward force exerted by the trailer on the cab is assumed to be zero. Since the trailer brakes fail, 
all of the braking force is supplied by the wheels of the cab, which is maximum when the wheels of the 
cab are at impending sliding. 




ZZ3 


<=-t 


u 


2LT 


L(fc\+w r Vtf]=o 


r 


Nf-t 


r~ J < 


Ft \-2 = Ms N ch -2 N c = m c s = (2000) g 
Ft x _ 2 = (0.65X2000 )gt 


[(m c + m r )vj 2 = -Ft + [( m c + m T )v 
i 0 = -(0.65X2000 kg)(9.81 m/s 2 )(r,_ 2 ) = 10,000 kg(25 m/s) 


( b ) For the trailer: 



Z- [m T v] 2 = -Qt 1 _ 2 +[tn T v\ 

From (a), t t _ 2 = 19.60 s 

0 = -<2(19.60 s) + (8000 kg)(25 m/s) 
<2 = 10,204 N 


fi_ 2 = 19.60 s A 


Q = 10.20 kN (compression) M 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


710 




PROBLEM 13.132 
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PROBLEM 13.133 

An 8-kg cylinder C rests on a 4-kg platform A supported by a cord which 
passes over the pulleys D and E and is attached to a 4-kg block B. Knowing 
that the system is released from rest, determine (a) the velocity of block B 
after 0.8 s, ( b ) the force exerted by the cylinder on the platform. 
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PROBLEM 13.134 

An estimate of the expected load on over-the-shoulder 
seat belts is to be made before designing prototype 
belts that will be evaluated in automobile crash tests. 
Assuming that an automobile traveling at 45 mi/h is 
brought to a stop in 110 ms, determine (a) the average 
impulsive force exerted by a 200-lb man on the belt, 
( b ) the maximum force F m exerted on the belt if the 
force-time diagram has the shape shown. 


SOLUTION 


(a) Force on the belt is opposite to the direction shown. 

Vj = 45 mi/h = 66 ft/s, 
W = 200 lb 

mv x -Jf dt = m\ 2 


Fdt = FAr 



mo, 


yy\'0' i = o 


At = 0.110 s 


(200 lb)(66 ft/s) 
(32.2 ft/s 2 ) 


F(0.110s) = 0 


F = (200)(66) = 3727 lb 

(32.2X0.110) 


= 3730 lb ◄ 


(b) 


Impulse = area under F—t diagram = — F m (0.110 s) 
From (a), impulse = F ave A/ = (3727 lb)(0.110 s) 


^ F m (0.110) = (3727)(0.110) 


F(lb) 
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A 

P (N) 


PROBLEM 13.135 

U 

♦ 

13 

A 

A 60-g model rocket is fired vertically. The engine 
applies a thrust P which varies in magnitude as shown. 

1 P 

5 

fr \ 

Neglecting air resistance and the change in mass of the 
rocket, determine (a) the maximum speed of the rocket 
as it goes up, (b) the time for the rocket to reach its 



0.2 0.3 

n „ , maximum elevation. 

0.8 t{s) 
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PROBLEM 13.135 (Continued) 

(a) Maximum speed (upward motion): 

Apply the principle of impulse-momentum to the rocket over 0 <t<t 2 - 

p 0.8 

Pdt = area under the given thrust-time plot. 

Jo 

= — (0.2)(13) + -(0.1)(13 + 5) + (0.8 - 0.3)(5) 
= 4.7 N-s 

f °*Wdt = (0.5886)(0.8) = 0.47088 N • S 

Jo 


p 0.8 p 0.8 r or 
m l v, + J Pdt + J Sdt - J 


Wdt = mv 1 


0 + 4.7 + 0.00266 - 0.47088 = 0.060 v. 


( b) Time tj, to reach maximum height: (v 3 =0) 


mv, 


1 Pdt +1 Sdt - Wt 3 = mv 3 


0 + 4.7 + 0.00266 - 0.5886% = 0 


= 70.5 m/s A 


t, = 7.99 s ◄ 
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PROBLEM 13.136 

A simplified model consisting of a single straight line is to be obtained for the 
variation of pressure inside the 10-mm-diameter barrel of a rifle as a 20-g 
bullet is fired. Knowing that it takes 1.6 ms for the bullet to travel the length of 
the barrel and that the velocity of the bullet upon exit is 700 m/s, determine the 
t (ms) value of p 0 . 
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125 lb 

_ p 

PROBLEM 13.137 




A 125-lb block initially at rest is acted upon by a force P which 

P (lb) 


varies as shown. Knowing that the coefficients of friction between 




the block and the horizontal surface are ju s = 0.50 and ju k = 0.40, 


A 


determine (a) the time at which the block will start moving, (b) the 



maximum speed reached by the block, (c) the time at which the 


/ \ 

k 

block will stop moving. 


/ i 

—^- t (s) 


0 8 

16 
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p 

125 lb I 

-J 


p db) 



PROBLEM 13.138 

Solve Problem 13.137, assuming that the weight of the block is 175 lb. 

PROBLEM 13.137 A 125-lb block initially at rest is acted upon by a 
force P which varies as shown. Knowing that the coefficients of 
friction between the block and the horizontal surface are ju s = 0.50 
and ju k = 0.40, determine (a) the time at which the block will start 
moving, (b) the maximum speed reached by the block, (c) the time at 
which the block will stop moving. 
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PROBLEM 13.140 


A 1.62 ounce golf ball is hit with a golf club and leaves it with a velocity of 100 mi/h. We assume that for 
0<t< to, where to is the duration of the impact, the magnitude F of the force exerted on the ball can be 
expressed as F - F m sin (7Tt/r 0 ). Knowing that t 0 =0.5ms, determine the maximum value F m of the force 
exerted on the ball. 
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PROBLEM 13.141 

The triple jump is a track-and-field event in which an athlete 
gets a running start and tries to leap as far as he can with a 
hop, step, and jump. Shown in the figure is the initial hop of 
the athlete. Assuming that he approaches the takeoff line from 
the left with a horizontal velocity of 10 m/s, remains in 
contact with the ground for 0.18 s, and takes off at a 50° angle 
with a velocity of 12 m/s, determine the vertical component of 
the average impulsive force exerted by the ground on his foot. 
Give your answer in terms of the weight W of the athlete. 
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PROBLEM 13.142 

9nX? 5 ° 


The last segment of the triple jump track-and-field event is the 


jump, in which the athlete makes a final leap, landing in a 

A 


sand-filled pit. Assuming that the velocity of a 80-kg athlete 



just before landing is 9 m/s at an angle of 35° with the 



horizontal and that the athlete comes to a complete stop in 


V.’V-‘y • 

0.22 s after landing, determine the horizontal component of 
the average impulsive force exerted on his feet during landing. 

Landing pit 



SOLUTION 




Cb +- =- Cn 

^ 35° 
mo, f 



m = 80 kg 

At = 0.22 s 



mv j + (P - W)A t = my. 


Horizontal components 

m( 9)(cos 35°) - P H (0.22) = 0 


Ph 

= <80kg)(9 m / S )(cos35“) =26809kN 
(0.22 s) 

P H = 2.68 kN ◄ 
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PROBLEM 13.143 

The design for a new cementless hip implant is to be studied using an 
instrumented implant and a fixed simulated femur. Assuming the punch 
applies an average force of 2 kN over a time of 2 ms to the 200 g implant 
determine ( a ) the velocity of the implant immediately after impact, (b) the 
average resistance of the implant to penetration if the implant moves 
1 mm before coming to rest. 


SOLUTION 

m = 200 g = 0.200 kg 
F me = 2 kN = 2000 N 
At = 2 ms = 0.002 s 

(a) Velocity immediately after impact: 

Use principle of impulse and momentum: 

= 0 v 2 =? Im Pl ^ 2 = F ave (At) 

mv j + Imp 12 = my 2 

0 + F lvc (At) = mv 2 

v _ F ave (Ar) _ (2000)(0.002) 

Vz m 0.200 

(b) Average resistance to penetration: 

At = 1 mm = 0.001 m 
v 2 = 20.0 ft/s 
v 3 = 0 

Use principle of work and energy. 

T 2 +U 2 ^=T 3 or J mv j - R dve (Ax) = 0 

i ?ave =^ = (0-200) (2Q - Q)2 = 40xl0 3 N 

ave 2(Ax) (2X0.001) 


v 2 = 20.0 m/s A 


R. dve = 40.0 kN ◄ 
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D 

PROBLEM 13.144 


s' 

10 mm \20 

\, i? Ju- 

A 25-g steel-jacketed bullet is fired horizontally with a 


velocity of 600 m/s and ricochets off a steel plate along the 



path CD with a velocity of 400 m/s. Knowing that the 

A 


bullet leaves a 10-mm scratch on the plate and assuming 



that its average speed is 500 m/s while it is in contact with 
the plate, determine the magnitude and direction of the 
average impulsive force exerted by the bullet on the plate. 


SOLUTION 

Impulse and momentum. 
Bullet alone: 



m \[ +F At = m\ 2 


t direction: mv l cosl5° — F t At = mv 2 cos20° 



F,At = (0.025 kg)[600 m/s cos 15° - 400 m/s cos 20°] = 5.092 kg • m/s 


S or 

At = 


l 'AV 


0010111 =20X10-S 

500 m/s 


F, = (5.092 kg • m/s)/(20xl0~ 6 s) = 254.6xl0 3 kg• m/s 2 = 254.6 kN 


n direction: mv l sinl5° + F n At = mv 2 sin20° 


F„Af = (0.025 kg) [600 m/s sin 15° + 400 m/s sin 20°] = 7.3025 kg • m/s 


Force on bullet: 


Force on plate: 
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PROBLEM 13.145 


A 25-ton railroad car moving at 2.5 mi/h is 
to be coupled to a 50 ton car which is at 
rest with locked wheels {/u k = 0.30). 
Determine (a) the velocity of both cars 
after the coupling is completed, ( b ) the 
time it takes for both cars to come to rest. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



728 





PROBLEM 13.145 (Continued) 


H-►: —{m A + m B )v' + F A t = 0 


: _(m A + m B ) v \ _ m B v B 

Fa M k W A 


t= ( 155 3)(3-6667) =q1898 
(0.30)(100,000) 

t = 0.190 s ◄ 
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PROBLEM 13.146 



At an intersection car B was traveling south and car A was 
traveling 30° north of east when they slammed into each other. 
Upon investigation it was found that after the crash the two cars 
got stuck and skidded off at an angle of 10° north of east. Each 
driver claimed that he was going at the speed limit of 50 km/h and 
that he tried to slow down but couldn’t avoid the crash because the 
other driver was going a lot faster. Knowing that the masses of 
cars A and B were 1500 kg and 1200 kg, respectively, determine 
(a) which car was going faster, (b) the speed of the faster of the 
two cars if the slower car was traveling at the speed limit. 
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, PROBLEM 13.147 

650 kg 

\ 6 


1 

The 650-kg hammer of a drop-hammer pile driver falls from a height 

L 

of 1.2 m onto the top of a 140-kg pile, driving it 110 mm into the 

L 

{t .2 m ground. Assuming perfectly plastic impact (e - 0), determine the 

u 

average resistance of the ground to penetration. 


140 kg 


N 

s' 



\ 




SOLUTION 


Velocity of the hammer at impact: 

Conservation of energy. 

t; = o 

V H = mg (1.2 m) 

V H = (650kg)(9.81m/s 2 )(1.2 m) 
V! = 7652 J 

t 1 

/ 9 = — m 

2 2 

V “ = — y2 = 325 Vfl 
V 2 =0 

T \ +V\=T 2 +V 2 
0+ 7652 = 325 V 2 

v 2 = 23.54 m 2 /s 2 
v = 4.852 m/s 


© 

0K 



Velocity of pile after impact: 

Since the impact is plastic (e - 0), the velocity of the pile and hammer are the same after impact. 
Conservation of momentum: 


0"h = 4 &SZ 





The ground reaction and the weights are non-impulsive. 
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PROBLEM 13.148 

A small rivet connecting two pieces of sheet metal is being clinched 
by hammering. Determine the impulse exerted on the rivet and the 
energy absorbed by the rivet under each blow, knowing that the head 
of the hammer has a weight of 1.5 lbs and that it strikes the rivet with 
a velocity of 20 ft/s. Assume that the hammer does not rebound and 
that the anvil is supported by springs and (a) has an infinite mass 
(rigid support), ( b ) has a weight of 9 lb. 


SOLUTION 

Weight and mass: 

Hammer: W H =1.5 lb m H = 0.04658 lb • s 2 /ft 
Anvil: Part a: W A - °° m A = 

Part b: W A -9 lb m A = 0.2795 lb • s 2 /ft 

Kinetic energy before impact: 

T \ =^ m H v l =^(0.04658)(20) 2 =9.316 ft-lb 

Let \’2 be the velocity common to the hammer and anvil immediately after impact. Apply the principle of 
conservation of momentum to the hammer and anvil over the duration of the impact. 




_l 1 

— 

n 





Kinetic energy after impact: 


+|: Z/nvj = Zfflv 2 

m H v H =(m H +m A )v 2 


v 2 


m H^H 

m H + m A 


t ,22 

^,1 , 2 1 ® hV h 

t a =~( m H +m A )v 2 =- - 

2 2 rn u + m 


t 2 = 




m H + m A 


( 1 ) 


(2) 
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PROBLEM 13.149 

v " 1 A fc 

» l . JJ 

Bullet B weighs 0.5 oz and blocks A and C both weigh 

3 lb. The coefficient of friction between the blocks 

6 in. (1) | 4 in. | 

i ij r ’~ c 

and the plane is jU k = 0.25. Initially the bullet is 
moving at vo and blocks A and C are at rest (Figure 1). 
After the bullet passes through A it becomes 

embedded in block C and all three objects come to 

(2) 

stop in the positions shown (Figure 2). Determine the 
initial speed of the bullet vq . 


SOLUTION 

Masses: 

Bullet: m R = -—-= 970.5 xl0~ 6 lb • s 2 /ft 

B (16X32.2) 

Blocks A and C: m , =m r = ——— = 93.168x10 5 lb ■ s 2 /ft 

c 322 


Block C + bullet: m c +m B — 94.138x10 3 lb - s 2 /ft 

Normal forces for sliding blocks from N - mg = 0 


Block A: N a — m A g — 3.00 lb. 

Block C + bullet: N c = (m c +m B )g = 3.03125 lb. 

Let Vo be the initial speed of the bullet; 

V\ be the speed of the bullet after it passes through block A; 

v A be the speed of block A immediately after the bullet passes through it; 

Vc be the speed block C immediately after the bullet becomes embedded in it. 

Four separate processes and their governing equations are described below. 

1. The bullet hits block A and passes through it. Use the principle of conservation of momentum. 

(v A ) 0 =0 

m B v o + m A ( V A )o = m B v 1 +m A v A 


m.v 


A v A 


m B 


( 1 ) 


2. The bullet hits block C and becomes embedded in it. Use the principle of conservation of momentum. 

( v c) o = 0 

m B Vj + m c (v c ) 0 = (m B + m c )v c 
(m B +m c )v c 


Vl 


m B 


(2) 
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PROBLEM 13.149 (Continued) 

3. Block A slides on the plane. Use principle of work and energy. 

A + >2 = A> 


1 2 i rt i^Mk^ A^A 

-m A v A -[U k N A d A = 0 or v A = - 

2 V m A 

4. Block C with embedded bullet slides on the plane. Use principle of work and energy. 

d c =4 in. = 0.33333 ft 

A + ^A—>2 = A> 


1 2 

— (m c +m B )v^ -n k N c d c = 0 or v c 


\ 2n k N c d c 

m c + m B 


Applying the numerical data: 
From Eq. (4), 

From Eq. (3), 

From Eq. (2), 


(2)(0.25)(3.03125)(0.33333) 
94.138xl0‘ 3 
= 2.3166 ft/s 

(2)(0.25)(3.00)(0.5) 
93.168xlO -3 
= 2.8372 ft/s 

_ (94.138 x 10“ 3 )(2.3166) 


970.5x10 
= 224.71 ft/s 


i-6 


FromEq. (1), 


v 0 =224.71 + 


(93.138 xl0^ 3 )(2.8372) 


( 3 ) 


970.5x10 


i-6 


(4) 


= 497 ft/s ◄ 
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PROBLEM 13.150 

A 180-lb man and a 120-lb woman stand at opposite ends of a 
300-lb boat, ready to dive, each with a 16-ft/s velocity relative 
to the boat. Determine the velocity of the boat after they have 
both dived, if (a) the woman dives first, ( b ) the man dives first. 


SOLUTION 

(a) Woman dives first: 

Conservation of momentum: 






3o0 + l8c>,r 

_^_JL 


120 . 300 + 180 

-(16-v,) +-Vj =0 

8 8 


(120X16) 

v, =-= 3.20 ft/s 


600 


Man dives next. Conservation of momentum: 




3oo+iZo, r 
% ' 


1 -- 




3 




300 + 180 300 180 

-Vj = - v 2 H-(16 — v 2 ) 

8 8 “ 8 


480^-1180X16) 

480 


= 2.80 ft/s 


v 2 = 2.80 ft/s 


( b ) Man dives first: 

Conservation of momentum: 


180 . 300 + 120 , 

-(16 —Vj)- 

8 8 


v[ = 0 


(180X16) =48Qft/s 
' 600 


Woman dives next. Conservation of momentum: 


300 + 120 , 300 , 120 

- v 1 =-v 2 H-(16 - v 2 ) 

8 8 8 


, _ -420vi + (120)(16) 
2 420 


= -0.229 ft/s 


v 2 = 0.229 ft/s 
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PROBLEM 13.151 


A 75-g ball is projected from a height of 1.6 m with a horizontal velocity 
of 2 m/s and bounces from a 400-g smooth plate supported by springs. 
Knowing that the height of the rebound is 0.6 m, determine ( a ) the 
velocity of the plate immediately after the impact, (b) the energy lost due 
to the impact. 
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A' 


A 


PROBLEM 13.152 

A 2-kg sphere A is connected to a fixed Point O by an inextensible cord of length 
1.2 m. The sphere is resting on a frictionless horizontal surface at a distance of 1.5 ft 
from O when it is given a velocity v 0 in a direction perpendicular to line OA. It 
moves freely until it reaches position A', when the cord becomes taut. Determine 
the maximum allowable velocity v 0 if the impulse of the force exerted on the cord 
is not to exceed 3 N s. 


SOLUTION 

For the sphere at A' immediately before and after the cord becomes taut 

O + Q = © 

/ - Cos'* (' 04 / 1 4s = 6538 ° 

f At: 

mv 0 + F At = mv A ' 

mv 0 sin 0 - F At = 0 F At — 3 N • s 

m — 2 kg 

2(sin65.38°)v 0 = 3 

v 0 = 1.650 m/s 4 
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PROBLEM 13.153 



!£_ 


M 


A 1-oz bullet is traveling with a velocity of 1400 ft/s when it impacts and 
becomes embedded in a 5-lb wooden block. The block can move vertically 
without friction. Determine (a) the velocity of the bullet and block immediately 
after the impact, ( b ) the horizontal and vertical components of the impulse 
exerted by the block on the bullet. 


SOLUTION 

Weight and mass. Bullet: w = 1 oz = — lb m = 0.001941 lb • s 2 /ft. 

16 

Block: W = 5 lb M = 0.15528 lb • s 2 /ft. 

( a ) Use the principle of impulse and momentum applied to the bullet and the block together. 



V 

M') ax ' 

Xm Vj + XImp |^ 2 = ni \ 2 
Components T : mv 0 cos30° + 0 = (m + M)v 

, _ mv 0 cos 30° _ (0.001941)(1400)cos 30° 

V ~ m + M ~ 0.157221 

V = 14.968 ft/s 

v = 14.97 ft/s . ◄ 
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PROBLEM 13.154 

In order to test the resistance of a chain to impact, the chain is suspended 
from a 240-lb rigid beam supported by two columns. A rod attached to the 
last link is then hit by a 60-lb block dropped from a 5-ft height. Determine the 
initial impulse exerted on the chain and the energy absorbed by the chain, 
assuming that the block does not rebound from the rod and that the columns 
supporting the beam are ( a ) perfectly rigid, (b) equivalent to two perfectly 
elastic springs. 
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PROBLEM 13.CQ6 



Before 



After 


A 5 kg ball A strikes a 1 kg ball B that is initially at rest. Is it possible 
that after the impact A is not moving and B has a speed of 5v? 

(a) Yes 

(b) No 


Explain your answer. 


SOLUTION 

Answer: (b) No. 

Conservation of momentum is satisfied, but the coefficient of restitution equation is not. The coefficient of 
restitution must be less than 1. 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


744 





PROBLEM 13.F6 


A sphere with a speed v () rebounds after striking a frictionless inclined plane as 
shown. Draw impulse-momentum diagrams that could be used to find the 
velocity of the sphere after the impact. 
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PROBLEM 13.F7 


An 80-Mg railroad engine A coasting at 6.5 km/h strikes a 20-Mg 
flatcar C carrying a 30-Mg load B which can slide along the floor of 
the car (p /( = 0.25). The flatcar was at rest with its brakes released. 
Instead of A and C coupling as expected, it is observed that A 
rebounds with a speed of 2 km/h after the impact. Draw impulse- 
momentum diagrams that could be used to determine (a) the 
coefficient of restitution and the speed of the flatcar immediately 
after impact, and ( b ) the time it takes the load to slide to a stop 
relative to the car. 


SOLUTION 

Answer: 

( a ) Look at A and C (the friction force between B and C is not impulsive) to find the velocity after impact. 



m A (2 km*) 


( b ) Consider just B and C to find their final velocity. 



Consider just B to find the time. 
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PROBLEM 13.F8 

40°/X A 



< 

> 

/ 


Two frictionless balls strike each other as shown. The coefficient of restitution 
between the balls is e. Draw the impulse-momentum diagrams that could be 



used to find the velocities of A and B after the impact. 


SOLUTION 

Answer: 
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PROBLEM 13.F9 

A 10-kg ball A moving horizontally at 12 m/s strikes a 10-kg block B. The 
coefficient of restitution of the impact is 0.4 and the coefficient of kinetic 
friction between the block and the inclined surface is 0.5. Draw impulse- 
momentum diagrams that could be used to determine the speeds of A and B 
after the impact. 
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PROBLEM 13.F10 

Block A of mass m A strikes ball B of mass m B with a speed of v A as shown. 
Draw impulse-momentum diagrams that could be used to determine the 
speeds of A and B after the impact and the impulse during the impact. 
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1 m/s 1.5 m/s 



5 kg 3 kg 


PROBLEM 13.155 

The coefficient of restitution between the two collars is known to be 
0.70. Determine (a) their velocities after impact, (b) the energy loss 
during impact. 


SOLUTION 

Impulse-momentum principle (collars A and B ): 

E/nVj + XImp 2 = Eotv 2 


A 


- 


6 


A 

* * 

6 


->- 


Horizontal components + »: m A v A + m B v B = m A v' A + m B v' B 
Using data, (5)(1) + (3)(—1.5) = 5v^ + 3v B 


or 5v^ + 3v' b = 0.5 

Apply coefficient of restitution. 

v B -v A = e(y A -v H ) 
v' B ~v' A = 0.70 [1 - (-0.5)] 



8 




( 1 ) 


v b -v a =1.15 ( 2 ) 

(a) Solving Eqs. (1) and (2) simultaneously for the velocities, 

v' A = -0.59375 m/s \ A = 0.594 m/s -* — A 

v' B - 1.15625 m/s v B =1.156 m/s—*■ A 

Kinetic energies: 7j = ^>n A v A + ~m B v^ = ^-(5)(1) 2 + ^-(3)(-1.5) 2 = 5.875 J 

T i =^m A (v;) 2 +i-m B (v B ) 2 =^(5)(-0.59375) 2 +^(3)(U5625) 2 = 2.8867 J 

( b ) Energy loss: 7 ] - T 2 = 2.99 J 4 
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PROBLEM 13.156 


Collars A and B, of the same mass m, are moving toward each other 
with identical speeds as shown. Knowing that the coefficient of 
restitution between the collars is e, determine the energy lost in the 
impact as a function of m, e and v. 
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PROBLEM 13.157 

One of the requirements for tennis balls to be used in official competition is that, when dropped onto a rigid 
surface from a height of 100 in., the height of the first bounce of the ball must be in the range 53 in. < /z < 58 in. 
Determine the range of the coefficient of restitution of the tennis balls satisfying this requirement. 


SOLUTION 

Uniform accelerated motion: 


Coefficient of restitution: 


Height of drop 
Height of bounce 

Thus, 


v = yj2gh 
v' = 72 gh' 


/ 

V 

e = — 
v 



h -100 in. 

53 in. < h' < 58 in. 



T 0 

I m 

' r ✓ 

/> / 
Before 



After 


0.728 <e< 0.762 ◄ 
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PROBLEM 13.158 

Two disks sliding on a frictionless horizontal plane with opposite velocities of 
the same magnitude v 0 hit each other squarely. Disk A is known to have a 
weight of 6-lb and is observed to have zero velocity after impact. Determine 
(a) the weight of disk B, knowing that the coefficient of restitution between the 
two disks is 0.5, ( b ) the range of possible values of the weight of disk B if the 
coefficient of restitution between the two disks is unknown. 
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PROBLEM 13.159 



To apply shock loading to an artillery shell, a 20-kg pendulum A is released 
from a known height and strikes impactor B at a known velocity Vo. 

G JL [Bim 


Impactor B then strikes the 1-kg artillery shell C. Knowing the coefficient of 

£) B F 


restitution between all objects is e, determine the mass of B to maximize the 



impulse applied to the artillery shell C. 


SOLUTION 

First impact: A impacts B. 
Impulse-momentum: 


m A = 20 kg, m B = ? 


Emv + limp 


1—>2 - ^ mV 2 


Components directed left: /«,v„ = m A v' A + m B v' B 

20v 0 = 20v^ + m B v' B 

Coefficient of restitution: —v' A = e(v A - v B ) 

v' B ~ v 'a = ev o 

v 'a = v 'b - ev o 

Substituting Eq. (2) into Eq. (1) yields 

20 v 0 = 20(vjj - ev 0 ) + m B v' B 
20v 0 (l + e) = (+m B )v' B 


= - 


20v 0 (l+ e) 
20 + m„ 


Second impact: B impacts C. 
Impulse-momentum: 


m B — ?, m c = 1 kg 
Emv 2 + EImp 2 ^ 3 = Imv 3 


£ 




e 

' Q"V 















6 


A 

4- 

e] 

h- -* 

A 

. = 0 

A 

5ro 1 

- 

i 



- - 

e- 




(1) 


(2) 


( 3 ) 


JL 
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PROBLEM 13.159 (Continued) 


Components directed left: 


Coefficient of restitution: 


m B v B = m B v B + m c v c 


m B v B = m B v B + v c 


n n / / / x 

v c - v B = e(v B - v c ) 


(4) 


Substituting Eq. (4) into Eq. (5) yields 


ff ff / 

v B ~v c = ev c 


m B v' R = m B (v" - ev' B ) + m c v' c 
m B v' K (\+e) = (\+m R )v" : 


„ m B v' B (\ + e) 


1 + m 


B 


Substituting Eq. (3) for v' B in Eq. (6) yields 


The impulse applied to the shell C is 


20m B v 0 (l + e) 
(20 + m B )(1 + m B ) 


v , _ (1)(20) m B v Q (\ + eY 
C (20 + 7%)(1 + ?« b ) 


To maximize this impulse choose m B such that 


( 5 ) 


( 6 ) 


(20 + m B )(l + m B ) 


is maximum. Set dZldm B equal to zero. 


dZ (20 + m B )(1 + m B ) — m B [(20 + m B ) + (1 + m B )] 


dm K 


(20 + tn B ) (1 + rn B ) 


= 0 


20 + 2 bn B + m B — m B (2 \ + 2m B ) = 0 


20 -m B -0 


m B = 4.47 kg A 
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PROBLEM 13.160 


Two identical cars A and B are at rest on a loading dock with brakes released. Car C, of a slightly different 
style but of the same weight, has been pushed by dockworkers and hits car B with a velocity of 1.5 m/s. 
Knowing that the coefficient of restitution is 0.8 between B and C and 0.5 between A and B, determine the 
velocity of each car after all collisions have taken place. 


1.5 m/s 
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PROBLEM 13.160 (Continued) 


Relative velocities: 


(0-1.35)(0.5) = v’ B - v' A 


v' A - v' B = 0.675 

(4) 

Solving (3) and (4) simultaneously, 


2v a =1.35 + 0.675 

\' A =1.013 m/s -— A 


v" B = 0.338 m/s -— A 

Since v' c < v’ H < v' A , there are no further collisions. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


757 




PROBLEM 13.161 



Three steel spheres of equal weight are suspended from the ceiling by cords of 
equal length which are spaced at a distance slightly greater than the diameter of 
the spheres. After being pulled back and released, sphere A hits sphere B, which 
then hits sphere C. Denoting by e the coefficient of restitution between the 
spheres and by v 0 the velocity of A just before it hits B, determine ( a ) the 
velocities of A and B immediately after the first collision, (b) the velocities of B 
and C immediately after the second collision, (c) Assuming now that n spheres 
are suspended from the ceiling and that the first sphere is pulled back and 
released as described above, determine the velocity of the last sphere after it is hit 
for the first time. ( d) Use the result of Part c to obtain the velocity of the last 
sphere when n = 5 and e — 0.9. 


SOLUTION 


0 A =_0*> u^o_A4' 

oo=Do 

A B * B 


-Ob' 


■Uc?-Q 

©=© © 


( a ) First collision (between A and B ): 

The total momentum is conserved: 


V 0 = + V B 


Relative velocities: 


(v A -v B )e = (v'-v' A ) 


v Q e = v B - v A 


Solving Equations (1) and (2) simultaneously, 


(b) 


JJc! 


Second collision (between B and C): 

The total momentum is conserved. 

mv' B + mv c = mVg + mv' c 
Using the result from (a) for v' B 
v 0 (l + e) 


- + 0-v'g+v' c 


Relative velocities: 


(v'b -°) e =v' c -VB 


(1) 


(2) 


./ _ v 0 (1 - e) ^ 
v a — : ^ 


, _ v 0 (1 + e) 


( 3 ) 
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PROBLEM 13.162 

At an amusement park there are 200-kg bumper cars A, B, and C that have riders with masses of 40 kg, 60 kg, 
and 35 kg respectively. Car A is moving to the right with a velocity v A = 2 m/s and car C has a velocity 
V/; =1.5 m/s to the left, but car B is initially at rest. The coefficient of restitution between each car is 0.8. 
Determine the final velocity of each car, after all impacts, assuming (a) cars A and C hit car B at the same 
time, ( b ) car A hits car B before car C does. 


v r 



SOLUTION 


Assume that each car with its rider may be treated as a particle. The masses are: 

m A = 200 + 40 = 240 kg, 
m B = 200 + 60 = 260 kg, 
m c = 200 + 35 = 235 kg. 

Assume velocities are positive to the right. The initial velocities are: 

v A = 2 m/s v H = 0 v c =-1.5 m/s 
Let v ' A , v' B , and v' c be the final velocities. 

(a) Cars A and C hit B at the same time. Conservation of momentum for all three cars. 

m A v A + m B v B + m c v c = m A v' A + m B v' B + m c v' c 
(240)(2) + 0 + (235)(—1.5) = 240v; + 260v-; + 235 v' c 


Coefficient of restition for cars A and B. 

V B - V A = e ( v A - V B ) = (0.8)(2 - 0) = 1.6 
Coefficient of restitution for cars B and C. 

v'c - v' B = e(v B - v c ) = (0.8)[0 - (-1.5)] = 1.2 
Solving Eqs. (1), (2), and (3) simultaneously, 

v' A - -1.288 m/s v; =0.312 m/s v' c - 1.512 m/s 


( 1 ) 

(2) 

( 3 ) 


=1.288 m/s — M 
v B - 0.312 m/s —► A 
y' c - 1.512 m/s —► A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


760 





PROBLEM 13.162 (Continued) 

( b) Car A hits car B before C does. 

First impact. Car A hits car B. Let v' A and v' B be the velocities after this impact. Conservation of 
momentum for cars A and B. 

m A v A + m B v B = m A v' A + m B v' B 

(240)(2) + 0 = 240v; + 260v>; (4) 

Coefficient of restitution for cars A and B. 

v' B -v' A = e(v A -v B ) = (0.8)(2-0) - 1.6 (5) 

Solving Eqs. (4) and (5) simultaneously, 

v' A =0.128 m/s, v' B - 1.728 m/s 
= 0.128 m/s —*- 
v^ = 1.728 m/s —*- 

Second impact. Cars B and C hit. Let v" B and v" c be the velocities after this impact. Conservation of 
momentum for cars B and C. 

m B v' B + m c v c ~ m B v B + m c v c 

(260)(1.728) + (235)(—1.5) = 260^ + 235v' (6) 

Coefficient of restitution for cars B and C. 

v'c - v B = e(v' B - v c ) = (0.8)[1.728 - (-1.5)] = 2.5824 (7) 

Solving Eqs. (6) and (7) simultaneously, 

v’ B = -1.03047 m/s v' =1.55193 m/s 
\ B =1.03047 m/s -— 
v^. =1.55193 m/s —► 

Third impact. Cars A and B hit again. Let v A and v B be the velocities after this impact. Conservation of 
momentum for cars A and B. 

/ n m , m 

m A v A + m B v B = m A v A + m R v B 

(240)(0.128) + (260)(-1.03047) = 240v' + 260v4" (8) 

Coefficient of restitution for cars A and B. 

v B - v A = e(v' A -v B ) = (0.8)[0.128 - (-1.03047)] = 0.926776 (9) 

Solving Eqs. (8) and (9) simultaneously, 

v A = -0.95633 m/s 
v B = -0.02955 m/s 

v' = 0.95633 m/s 
v' = 0.02955 m/s — 
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PROBLEM 13.162 (Continued) 

There are no more impacts. The final velocities are: 

v* = 0.956 m/s -*— 4 
v' = 0.0296 m/s -*— 4 
v' c = 1.552 m/s —► 4 

We may check our results by considering conservation of momentum of all three cars over all three 
impacts. 

m A v A + m B v B +nic v c = (240)(2) + 0 + (235)(—1.5) 

= 127.5 kg • m/s 

m A v A + m B v B + m c v’ c = (240)(-0.95633) + (260)(-0.02955) + (235)(1.55193) 

= 127.50 kg • m/s. 
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PROBLEM 13.163 

At an amusement park there are 200-kg bumper cars A, B, and C that have riders with masses of 40 kg, 60 kg, 
and 35 kg respectively. Car A is moving to the right with a velocity v A = 2 m/s when it hits stationary car B. 
The coefficient of restitution between each car is 0.8. Determine the velocity of car C so that after car B 
collides with car C the velocity of car B is zero. 



SOLUTION 

Assume that each car with its rider may be treated as a particle. The masses are: 

m A = 200 + 40 = 240 kg 
m B = 200 + 60 = 260 kg 
m c = 200 + 35 = 235 kg 

Assume velocities are positive to the right. The initial velocities are: 

v A = 2 m/s, v B =0, v c = ? 

First impact. Car A hits car B. Let v' A and v' B be the velocities after this impact. Conservation of momentum 
for cars A and B. 

m A v a + m B v B = m A v' A + m H v' B 

(240)(2) + 0 = 240v; + 260 v B (1) 

Coefficient of restitution for cars A and B. 

v' B ~ v' a = e(v A -v B ) = (0.8)(2-0) = 1.6 (2) 

Solving Eqs. (1) and (2) simultaneously, 

v' A = 0.128 m/s 
v' B = 1.728 m/s 

\' A = 0.128 m/s —► 

\' B =1.728 m/s —► 

Second impact. Cars B and C hit. Let v" B and v” c be the velocities after this impact. v B - 0. Coefficient of 
restitution for cars B and C. 

v c ~ v b ~ e ( v B ~ v c) = (0.8)(1.728 - v c ) 
v' =1.3824-0.8v c 
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PROBLEM 13.163 (Continued) 


Conservation of momentum for cars B and C. 

m B v' B + m c v c = m B v' B + m c v" c 
(260)(1.728) + 235 v c = (260)(0) + (235)(1.3824 - 0.8v c ) 

(235)(1.8)v c = (235X1.3824) - (260)(1.728) 

v c = -0.294 m/s v c = 0.294 m/s -*— M 

Note: There will be another impact between cars A and B. 
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PROBLEM 13.164 


Two identical billiard balls can move freely on a horizontal table. Ball 
A has a velocity Vo as shown and hits ball B, which is at rest, at 
a Point C defined by 9- 45°. Knowing that the coefficient of restitution 
between the two balls is e — 0.8 and assuming no friction, determine the 
velocity of each ball after impact. 
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PROBLEM 13.165 

The coefficient of restitution is 0.9 between the two 2.37-in. diameter 
billiard balls A and B. Ball A is moving in the direction shown with 
a velocity of 3 ft/s when it strikes ball B, which is at rest. Knowing 
that after impact B is moving in the x direction, determine (a) the 
angle 0, (b) the velocity of B after impact. 


SOLUTION 


(a) Since v' B is in the x-direction and (assuming no friction), the common tangent between A and B at 
impact must be parallel to the y-axis, 


tan 6 = - 


10 


6 -D 
-i io 


0 = tan 
= 70.04° 


6-2.37 



( b ) Conservation of momentum in x(n) direction: 

mv A cos 0 + m(v B ) n = m(v' A )„ + mv' B 
(3)(cos 70.04) + 0 = (4),,+v; 

1.0241 = (v' A ) n + (v' B ) (1) 

Relative velocities in the n direction: 


e = 0.9 (v A cos 0 - (v H )„ )e = v' B - (v' A )„ 

(1.0241- 0)(0.9) = v' B -(v' A ) n 
(1) + (2) 2v' b =1.0241(1.9) 


(2) 

v' B =0.972 ft/s -^4 
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PROBLEM 13.166 

A 600-g ball A is moving with a velocity of magnitude 6 m/s when it is 
hit as shown by a 1-kg ball B which has a velocity of magnitude 4 m/s. 
Knowing that the coefficient of restitution is 0.8 and assuming no 
friction, determine the velocity of each ball after impact. 
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PROBLEM 13.167 

V B 


Two identical hockey pucks are moving on a hockey rink at the same speed of 3 m/s 
and in perpendicular directions when they strike each other as shown. Assuming a 


rj coefficient of restitution e — 0.9, determine the magnitude and direction of the 

A 

velocity of each puck after impact. 
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PROBLEM 13.168 



B 

L ^ 

Two identical pool balls of 57.15-mm diameter, may move freely on a 
pool table. Ball B is at rest and ball A has an initial velocity v = v 0 i. 

(a) Knowing that b- 50 mm and e - 0.7, determine the velocity of 
each ball after impact. ( b ) Show that if e = 1, the final velocities of the 
balls from a right angle for all values of b. 


X 



SOLUTION 

Geometry at instant of impact: 

■ a b 50 

sin 6 = — =- 

d 57.15 

0 = 61.032° 

Directions n and t are shown in the figure. 

Principle of impulse and momentum: 

(]),,' O - 

-S Fjt 

d - 


Ball A, r-direction: mv 0 sin 9 + 0 = m(v A ) r (v A ) l = v 0 sin 0 (1) 

Ball B, /-direction: 0 + 0 = m(v B ) t (v B ) t - 0 (2) 

Balls A and B. //-direction: mv 0 cos 6 + 0 + rn( v A ) n + m(v B ) n 

( v aX, +( v b)„ = v 0 cos6> (3) 

Coefficient of restitution: (v B ) n ~(v A ) n = e[v 0 cos 9\ (4) 

(a) e = 0.7. From Eqs. (1) and (2), 

(v A ) f =0.87489v 0 (1/ 

(v fl ),=o (2y 
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PROBLEM 13.168 (Continued) 

FromEqs. (3) and (4), 

(v A ) n +(v B ) n =0.48432v 0 


(3)' 

K)„-(v a )„ = (0.7)(0.48432v 0 ) 


(4)' 

Solving Eqs. (5) and (6) simultaneously, 

(v A )„ - 0.072648v 0 (v B ) n = 0.41167v 0 
v A =yl(y A ) 2 „+ (v A ), 2 


l 

= - N /(0.072648v 0 ) 2 +(0.87489v 2 



= 0.87790v 0 


/(<)„ 

tan P = (Va) " = °- 072648v o _ 0.083037 
(v A ), 0.87489v 0 

P = 4.7468° 

(p = 90°-0- P 

= 90°-61.032°-4.7468° 

= 24.221° 

v a =0.878v 0 ^24.2° ◄ 


v b = 0.412v 0 ^C61.0° ◄ 

( b ) e = 1. Eqs. (3) and (4) become 

(V A )„ + (v B )„ =V 0 COS e 


(3)' 

( V B \-( V A)n = V O COS0 


(4)' 

Solving Eqs. (3)* and (Af simultaneously, 

0 ; A )„=0, (v fl ) f =v 0 cos (9 

But (v A ) r = v 0 sin 0, and (v B ), = 0 



v A is in the /-direction and v B is in the //-direction; therefore, the velocity vectors form a right angle. 
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PROBLEM 13.169 

A boy located at Point A halfway between the center O of a 
semicircular wall and the wall itself throws a ball at the wall in 
a direction forming an angle of 45° with OA. Knowing that 
after hitting the wall the ball rebounds in a direction parallel to 
OA, determine the coefficient of restitution between the ball and 
the wall. 
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PROBLEM 13.170 

The Mars Pathfinder spacecraft used large airbags to cushion 
its impact with the planet’s surface when landing. Assuming 
the spacecraft had an impact velocity of 18 m/s at an angle 
of 45° with respect to the horizontal, the coefficient of 
restitution is 0.85 and neglecting friction, determine (a) the 
height of the first bounce, ( b ) the length of the first bounce. 
(Acceleration of gravity on the Mars = 3.73 m/s 2 .) 
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PROBLEM 13.170 (Continued) 


(a) 

Height of first bounce: 

II 

© 

O 

II 

< 

o 

II 

CJQ 




; = <v,) 0 = 10.819 m/s =2 901s 
g 3.73 m/s" 

y = (10.819)(2.901) - i(3.73)(2.901) 2 

y = 15.69 m A 

(b) 

Length of first bounce: 

y = 0: 10.819f-|(3.73)f 2 =0 




/ = 5.801 s 




x = (12.728)(5.801) 

x = 73.8 m A 
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PROBLEM 13.171 

A girl throws a ball at an inclined wall from a height 
of 3 ft, hitting the wall at A with a horizontal 
velocity v 0 of magnitude 25 ft/s. Knowing that the 
coefficient of restitution between the ball and the 
wall is 0.9 and neglecting friction, determine the 
distance d from the foot of the wall to the Point B 
where the ball will hit the ground after bouncing 
off the wall. 
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PROBLEM 13.171 (Continued) 


Projectile motion 

1 r 

y = Jo + <V v V - -gt 2 = 3 ft + (20.57 ft/s)? - (32.2 ft/s 2 ) — 


At B, 

y = 0 = 3 + 20.57 t B - 16.lt 2 ; t B = 1.4098 s 



x B = x 0 + (v' x ) 0 t B = 0 + 10.63(1.4098); x B = 14.986 ft 



d - x B - 3cot60° = (14.986 ft) - (3 ft)cot60° = 13.254 ft 

d = 13.25 ft ◄ 
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PROBLEM 13.172 

A sphere rebounds as shown after striking an inclined plane 
with a vertical velocity v 0 of magnitude v 0 = 5 m/s. Knowing 
that a- 30° and e - 0.8 between the sphere and the plane, 
determine the height h reached by the sphere. 
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PROBLEM 13.173 

A sphere rebounds as shown after striking an inclined 
plane with a vertical velocity v 0 of magnitude v 0 = 6 m/s. 
Determine the value of a that will maximize the horizontal 
distance the ball travels before reaching its maximum 
height h assuming the coefficient of restitution between 
the ball and the ground is (a) e = l, ( b ) e- 0.8. 


SOLUTION 

Directions x, y, n, and t are shown in the sketch. 

Analysis of the impact: Use the principle of impulse and momentum for 
components in the r-direction. 

mv 0 sin a + 0 = m(v') l 
(v,\ =v 0 sin« 

Coefficient of restitution: (v„ ), = — e(x n ) 0 

(vjj = ev 0 cos a 

x and y components of velocity immediately after impact: 

(■ v x )i = (v„)[ sin a + ( v t ), cos a = v 0 (1 + e) sin a cos a 

= ^-v 0 (l + e)sin2er 

(v = (v n )j cos a - (v, )j sin a-v 0 (e cos 2 a - sin 2 a) 
= v 0 [e(l + cos 2a) - (1 - cos 2a)] 

- — v 0 [(1 + e) cos 2a - (1 - e)] 

Projectile motion: Use coordinates x and y with the origin at the point of impact. 

•*o =° 

Jo = 0 

=(y y \-gt 

v y =^v 0 [(l + e)cos2a-(l-e)\-gt 



Vertical motion: 


v y = 0 at the position of maximum height where 


(v v )i v n 

t 2 -—-— = — [(1 + e)cosa- (1-e)] 
g 2 g 


(2) 


( 3 ) 


( 4 ) 


( 5 ) 
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Horizontal motion: 


At the point of maximum height, 


PROBLEM 13.173 (Continued) 


v x=( v x\ = 2 v 0 C + e ) sin 2a 


x =(y x \t 


x 2 = (v v t 2 = — (l + e)sin2er[(l + e)cos2ct- (1 - e)] 

4 g 

Let 6-2 a and Z = 4gx 2 /vo(l±e). To determine the value of 6 that maximizes x 2 (or Z), differentiate 
Z with respect to 6 and set the derivative equal to zero. 

Z = sin 6[{l + e) cos 6 — (1 — e)] 

A7 

— = costffCl + ejcos#- (1- e)]- (1 + ejsin 2 6 
dd 

= (l + e)cos 2 6- (1 - <?)cos#- (1 + e)(l - cos 2 6) - 0 


2(l + e)cos 6 , -(l-c)cos6 , -(l + e) = 0 


This is a quadratic equation for cos 6. 


(a) e-l 


4cos 2 6-2 =0 


cos 2 6 = — 


cos 6 — ± 




6 = ±45° 

and 

±135° 

a = 22.5° 

and 

67.5° 


Reject the negative values of 6 which make x 2 negative. 
Reject a - 67.5° since it makes a smaller maximum height. 


a = 22.5° ◄ 


(- b ) e = 0.8 


3.6cos #-0.2cos$-1.8 = 0 

cos 6 = 0.73543 and -0.67987 
6 - ±42.656° and ±132.833° 
a = ±21.328° and ±66.417° 


tz = 21.3° ◄ 
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Car B (after impact): 


From (1) 


(i b ) Relative velocities: 


PROBLEM 13.174 (Continued) 


7] + U x _ 2 - T 2 

-m B (v' B ) 2 ~M k m B g( 3 ) 

v'g = (2)(3 ft)(0.3)(32.2 ft/s 2 ) 
(v-;) 2 =57.96 ft/s 2 
Vg = 7.613 ft/s 

v B = 7.333 + v' A + v' B 

= 7.333 + 15.226 + 7.613 


— = -v; 

(-7.333 - 30.2)<? = 7.613 -15.226 
-(7.613) 


e = ■ 


-(37.53) 


= 0.2028 


T i=^rn B (v' B ) 2 


„ Ob' 

t 2 = o 

© nr 

i LiJO 

u 1-2 = Mk m B g( 3) 


1—3-Pfc 


v B = 30.2 ft/s = 20.6 mi/h A 


■ = 0.203 ◄ 
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PROBLEM 13.175 

A 1-kg block B is moving with a velocity Vo of magnitude v 0 = 2 m/s 
as it hits the 0.5-kg sphere A, which is at rest and hanging from a cord 
attached at O. Knowing that // A =0.6 between the block and the 
horizontal surface and e = 0.8 between the block and the sphere, 
determine after impact (a) the maximum height h reached by the 
sphere, ( b ) the distance x traveled by the block. 


SOLUTION 

Velocities just after impact 


Total momentum in the horizontal direction is conserved: 


A 


IJeFOB-G " hFTCE- 


w 

ft B 


m A V A + m B V B = m A V A + m B V B 


0 + (1 kg)(2 m/s) = (0.5 kg)(v A ) + (1 kg)(v^) 


4 = v'a+2v' b 


( 1 ) 


Relative velocities: 


( V A- V B ) e = ( V B- V 'A ) 

(0 - 2)(0.8) = v' B - v' A 


Solving Eqs. (1) and (2) simultaneously: 


(a) Conservation of energy: 


— 1 -6 = v' B ~ v' A 


v' B = 0.8 m/s 
v' A = 2.4 m/s 


T l = \ m A'’ l 2 ^1=0 

= ~^in a (2.4 m/s) 2 =2.88 m A 


r 2 = o 


V 2 = m A gh 
T\ + V\ = T 2 +V 2 


(2) 



2 . 


+ 


0 = 0 + / A (9.81)/i 


h = 0.294 m ◄ 
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PROBLEM 13.176 


A 0.25-lb ball thrown with a horizontal velocity Vo strikes a 1.5-lb plate attached to a vertical wall at a height 
of 36 in. above the ground. It is observed that after rebounding, the ball hits the ground at a distance of 24 in. 
from the wall when the plate is rigidly attached to the wall (Figure 1) and at a distance of 10 in. when a foam- 
rubber mat is placed between the plate and the wall (Figure 2). Determine (a) the coefficient of restitution 
e between the ball and the plate, (b) the initial velocity Vq of the ball. 



I—I w 


24 in. 10 in. 

(1) (2) 
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PROBLEM 13.177 


5 m/s 



After having been pushed by an airline employee, an empty 40-kg 
luggage carrier A hits with a velocity of 5 m/s an identical 
carrier B containing a 15-kg suitcase equipped with rollers. The 
impact causes the suitcase to roll into the left wall of carrier B. 
Knowing that the coefficient of restitution between the two 
carriers is 0.80 and that the coefficient of restitution between the 
suitcase and the wall of carrier B is 0.30, determine (a) the 
velocity of carrier B after the suitcase hits its wall for the first 
time, (b) the total energy lost in that impact. 


SOLUTION 

(a) Impact between A and B: 

Total momentum conserved: 


a 


m 


0 

II 

* 

A 



A 

-5^=° 

1. C 1 






^ —a 


b: 


is 


Relative velocities: 


Adding Eqs. (1) and (2) 


m A v A+m B v H =m A v A +m B v B 


-±►5 m/s + 0 = v A + v B 


(v A -v B )e AB = v B -v A 
(5 - 0)(0.80) = v B - v A 

(5 m/s)(l + 0.80) = 2v b 

v B = 4.5 m/s - 


■ 40 kg 


Impact between B and C (after A hits B) 
Total momentum conserved: 


-44- m B v B + m c v c = m B v B + m c v" c 
(40 kg)(4.5 m/s) + 0 = (40 kg) v B +(15 kg) v" c 
4.5 = v r B + 0.375 v" 






Ot’ro 


Relative velocities: 


(v'b -v' c )e BC =v’ c -v B 
(4.5 - 0)(0.30) = v" c - v B 


(1) 


(2) 


Ot" 




(3) 


(4) 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


788 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


789 




PROBLEM 13.178 


Blocks A and B each weigh 0.8 lb and 
block C weighs 2.4 lb. The coefficient of 
friction between the blocks and the plane 
is ju k = 0.30. Initially block A is moving 
at a speed v 0 = 15 ft/s and blocks B and C 
are at rest (Fig. 1). After A strikes B and B 
strikes C, all three blocks come to a stop 
in the positions shown (Fig. 2). Determine 
(a) the coefficients of restitution between 
A and B and between B and C, (b) the 
displacement x of block C. 
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PROBLEM 13.178 (Continued) 

Velocity of B after B hits C,(v' l ' j ) 4 = 0. 


(Compare Figures (1) and (2).) 


v' c = 3.774 ft/s 


Relative velocities B and C: 


(0 ; b)4 - v C^ e BC ~ V C ~ ( V b\ 

(11.321-0)e BC =3.774-0 

e BC - 0.333 ◄ 

( b ) Work and energy, Block C: 


T 4 = T 5 = 0 U 4 5 = -ju k w c (X) 

2 g 

T 4 + U A _ 5 =T 5 - -^42(3.774) 2 - (0.3) W c (x) = 0 

2 g 

-*“-0.-3.774 ft/s-— 0= 0 

x= (3 ' 7?4) =0.737 ft 

2(32.2X0.3) 

x = 8.84 in. -4 
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PROBLEM 13.179 


0.6 m 



A 0.5-kg sphere A is dropped from a height of 0.6 m onto a 1.0 kg 
plate B, which is supported by a nested set of springs and is initially 
at rest. Knowing that the coefficient of restitution between the sphere 
and the plate is e - 0.8, determine (a) the height h reached by the 
sphere after rebound, ( b ) the constant k of the single spring 
equivalent to the given set if the maximum deflection of the plate is 
observed to be equal to 3 h. 


SOLUTION 


Velocity of A and B after impact. 

m A = 0.5 kg 
m B =1.0 kg 

Sphere A falls . Use conservation of energy to find v A , 
the datum. 



Berot<; 

the speed just before impact. Use the plate surface as 


With 


7]=0, Vj = m A gh Q , T 2 =^m A v 2 A , V 2 =0 
T l +V l =T 2 +V 2 0 + m A gh Q = ^ m A v\ + 0 
h 0 - 0.6 m, 

v A - flgh 0 = 7(2X9.81X0.6) 


Analysis of the impact . Conservation of momentum. 

m A y A + m B \ B = m A V A + m B \' B with v B = 0 
Dividing by m A and using y-components +| with (m B /m A = 2) 

-3.4310 + 0 = (v' A ) y + 2(v' B ) y 

Coefficient of restitution . (v' B ) y - (v' A ) y = e[(v A ) y - (v B ) jy ] 

( v b)j ~( v A)y = e ( v A)y =-3.4310e 


v A = 3.4310 m/s i 

( 1 ) 

(2) 
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PROBLEM 13.179 (Continued) 


Solving Eqs. (1) and (2) simultaneously with e = 0.8 gives 

(y' A ) y = 0.68621 m/s 
(v' B ) y = -2.0586 m/s 
v^ = 0.68621 m/s | 

= 2.0586 m/s j 

Sphere A rises . Use conservation of energy to find h. 


(a) 


( b) 


T i =^ t n A (v' A ) 1 , 


T 1 +V 1 =T 2 + V 2 : 


V, =0, 7, = 0, V 2 = m A gh 


~m A (v' A ) 2 +0 = 0+m A gh 


h = 


0 ; a) 2 


(0.68621)- 


h = 0.0240 m ◄ 


2g (2)(9.81) 

Plate B falls and compresses the spring. Use conservation of energy. 

Let S 0 be the initial compression of the spring and A be the additional compression of the spring after 
impact. In the initial equilibrium state, 

+| XF V = 0: kS 0 -W B =0 or kS Q = W B (3) 


Just after impact: 


T \ Vi = \ kS o 


At maximum deflection of the plate, T 2 =0 

V 2 =(V 2 ) S +(V 2 ) e =-W B A + h(S 0 + A) 2 
Conservation of energy: T 1 +V 1 =T 2 + V 2 

f +Usl - 0- W b A + Usl + kS 0 A + U\ 2 
Invoking the result of Eq. (3) gives 

^m B (v' B ) 2 =^kA 2 

Data: m B = 1.0 kg, v' B = 2.0586 m/s 

A-3h- (3X0.024) = 0.072 m 

k _ m B (v' B ) 2 _ ( 1.0X2.0586) 2 
A 2 (0.072) 2 


(4) 


k -811 N/m ◄ 
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PROBLEM 13.180 


0.6 m 



A 0.5-kg sphere A is dropped from a height of 0.6 m onto a 1.0-kg 
plate B, which is supported by a nested set of springs and is initially 
at rest. Knowing that the set of springs is equivalent to a single 
spring of constant k = 900 N/m, determine (a) the value of the 
coefficient of restitution between the sphere and the plate for which 
the height h reached by the sphere after rebound is maximum, 
( b ) the corresponding value of h, (c) the corresponding value of the 
maximum deflection of the plate. 


SOLUTION 

m A = 0.5 kg 
m B =1.0 kg 



k = 900 N/m 


Sphere A falls. Use conservation of energy to find v ,. the speed just before impact. Use the plate surface as 

the datum. 

T \= 0 *1 = m ASK 



T 2 =\m A vl, V 2 =0 


With h 0 = 0.6 m, 

v A = = V(2)(9.81)(0.6) 

v A = 3.4310 m/s{ 

Analysis of impact. Conservation of momentum. 



m A y A + m B x B = m A V A + m B v B with y b = 0 


Dividing by m A and using y components +j with (m B /m A — 2) 



-3.4310 = (v' A ) y +2{v' B ) y 

(1) 

Coefficient of restitution. 

( V ' B )y -( V ' A )y =e\(y A )y -K)^] 

(Uf)v ~( V A) y = e ( V A)y =-3.4310? 



( v ' B ) y =-3.4310 + (v^) y 

(2) 
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PROBLEM 13.180 (Continued) 

Substituting into Eq. (1), 

-3.4310 = (v' A ) y +(2)[-3A3l0e + (v' A ) y ] 

(va), = 1 -1437 (2c -1) 

From Eq. (2), ( v ') y =-1.1437(1+ e) 

(a) Sphere A rises . Use conservation of energy to find h. 

T \=^m A (v' A ) 2 , Vj=0 
T 2 = 0, V 2 =m A gh 

T l +V 1 =T 2 +V 2 : ^m A (v' A ) 2 +0 = 0 + m A gh 


(3) 

(4) 


h = 


(v' A ) 2 _(1.1437) 2 (2e-l) 2 


2g (2X9.81) 

Since h is to be maximum, e must be as large as possible. 

Coefficient of restitution for maximum h: 

( b ) Corresponding value of h . (v^) = 1.1437[(2)(1) -1] = 1.1437 m/s 

/; _(v;) 2 _ (1.1437) 2 
2g (2)(9.81) 

(c) Plate B falls and compresses the spring. Use conservation of energy. 

Let £> 0 be the initial compression of the spring and A be the additional compression of the spring after 


■ = 1.000 ◄ 


h = 0.0667 m ^ 


impact. In the initial equilibrium state, 


t 


IF y = 0 kS 0 -W B = 0 or kS 0 = W B 


(3) 


Just after impact: 

At maximum deflection of the plate, 


1 . / ? . . 1 , r-2 


71 =-m B (vs) , X =~ k A 


T 2 = 0 


^2 = (v 2 \ + (V 2 ) e = -W B A + -k(S 0 + A) 2 


Conservation of energy: T x + V 1 -T 2 + V 2 


^ m B K ) 2 + j kS l = 0 - w b A + j + kS 0 A + ^kA 2 
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PROBLEM 13.180 (Continued) 


Invoking the result of Eq. (3) gives 


2 =~ kA 


Data: m B - 1.0 kg, 


(v' B ) y = -1.1437(1 +1) = -2.2874 m/s. 


\' B = 2.2874 m/s J, k = 900 N/m 


A 2 = - B K) 2 = ( 1 .0)(2.2874) 2 =00058133 m2 
k 900 

A = 0.0762 m ◄ 
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PROBLEM 13.181 


The three blocks shown are identical. Blocks B and C are at 
rest when block B is hit by block A, which is moving with a 
velocity v A of 3 ft/s. After the impact, which is assumed to 
be perfectly plastic (e = 0), the velocity of blocks A and B 
decreases due to friction, while block C picks up speed, 
until all three blocks are moving with the same velocity v. 
Knowing that the coefficient of kinetic friction between all 
surfaces is fi k = 0.20, determine (a) the time required for 
the three blocks to reach the same velocity, ( b) the total 
distance traveled by each block during that time. 
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0.2 m 


B 


PROBLEM 13.182 

Block A is released from rest and slides down 
the frictionless surface of B until it hits a 
bumper on the right end of B. Block A has a 
mass of 10 kg and object B has a mass of 30 kg 
and B can roll freely on the ground. Determine 
the velocities of A and B immediately after 
impact when (a) e-0, (b) e — 0.7. 


SOLUTION 


Let the direction be positive to the right and the y-direction vertically upward. 

Let (v A ) x , (v A ) y , (v A ) x and (v B ) v be velocity components just before impact and (v' A ) x ,(v' A )\ ,(v' B ) x , and 
( v ' B ), those just after impact. By inspection, 


(Lt)y = ( V B )y =( V A)y = ( V ' B )y = 0 


Conservation of momentum for x-direction : 

While block is sliding down: 0 + 0 = m A (y A ) x + m B (y B ) x (v B ) x = —(5(v A ) x 

Impact: 0 + 0 = m A (v' A ) x + m B (v' B ) x (v' B ) x = -fi(y' A ) x 

where /3 - m A /m B 

Conservation of energy during frictionless sliding : 

Initial potential energies: m A gh for A, 

Potential energy just before impact: 

Initial kinetic energy: 

Kinetic energy just before impact: 


0 for B. 

Vj = 0 

T 0 = 0 (rest) 

rp 1 2.1 2 

T 1 =- m A V A + ~ m B V B 


To+Vo^+V, 

m A gh = ^m A v 2 A +^m B v 2 B = m A + m B /3 2 )v 2 A 
= ^m A (l + /J) v A 


: (Va)x 


2 gh 

\ + P 



(1) 

(2) 


(3) 
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PROBLEM 13.183 

A 20-g bullet fired into a 4-kg wooden block suspended from 
cords AC and BD penetrates the block at Point E, halfway 
between C and D, without hitting cord BD. Determine (a) the 
maximum height h to which the block and the embedded bullet 
will swing after impact, ( b ) the total impulse exerted on the block 
by the two cords during the impact. 
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PROBLEM 13.184 

A 2-lb ball A is suspended from a spring of constant 10 lb/in and is initially at rest when it 
is struck by 1-lb ball B as shown. Neglecting friction and knowing the coefficient of 
restitution between the balls is 0.6, determine (a) the velocities of A and B after the impact, 
( b ) the maximum height reached by A. 
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PROBLEM 13.184 (Continued) 


n-direction for balls A and B: 

m B v B cos 20° + 0 = m B (v ' H )„ + m A (v ' A )„ 

( v 'b )« + —(v' A )„ = v B cos 20° 
m B 

(v' B ) n +2(v' A ) n = (2) cos 20° 

Coefficient of restitution: (v' B )„ - (v^ )„ = e[(v A )„ - (v B )„ ] 

= e[0-(vgcos 20°)] 

= -(0.6)(2)cos20° 

Solving Eqs. (1) and (2) simultaneously, 

(v ' A ),, = 1.00234 ft/s (v' B )„ = -0.12529 ft/s 

(a) Velocities after the impact: 

y' A = 1.00234 ft/s ( 

\' B = (0.6840 ft/s ->) + (0.12529 ft/s J) 

v B = V(0.6840) 2 +(0.12529) 2 = 0.695 ft/s 

0 0.12529 „ 

tan B =- 8 = 10.4° 

0.6840 

( b) Maximum height reached by A: 

Use conservation of energy for ball A after the impact. 

Position 1: Just after impact. 

7j =^m A (v' A ) 2 =|(0.062112)(1.00234) 2 =0.0312021 ft-lb 


( 1 ) 


(2) 


y' A =1.002 ft/s ( ◄ 


v' B = 0.695 ft/s ^10.4° ◄ 


Force in spring = weight of A 


F 

%1 ~ k ’ 


W. 


21b 


120 lb/ft 


- = -0.016667 ft 


1. 2 1 


W, 


( V l) e = ~ kx \ =~ k 
2 2 

_ (21b) 2 

” ( 2 ) ( 120 ) 

(V|)„ =0 (datum) 


W 


v k ) 2k 

= 0.016667 ft lb 
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PROBLEM 13.184 (Continued) 

Position 2: Maximum height h. 

V 2 =0 
T 2 = 0 

(V 2 ) e = ^k(h + x l ) 2 = ^-(120)(/7 — 0.016667) 2 

= 60h 2 - 2h + 0.016667 
(V 2 ) g =W A h = (2Vo)h = 2h 

Conservation of energy: T x +V l -T,+ V 2 

0.031202 + 0.016667 = 0 + 60 h 2 -2h + 0.016667 + 2 h 
60 h 2 = 0.031202 h = ±0.022804 ft 

Using the positive root, h = 0.274 in. A 
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PROBLEM 13.185 

- 

-- • 


Ball B is hanging from an inextensible cord. An identical ball A is 
released from rest when it is just touching the cord and drops through the 

h 

A 

/ F 

vertical distance h A = 8 in. before striking ball B. Assuming perfectly 
elastic impact ( e = 0.9) and no friction, determine the resulting maximum 
vertical displacement h B of ball B. 


-- • 

l 1 T 




Wb 
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PROBLEM 13.185 (Continued) 


Ball A alone: 

Momentum in /-direction : 

-m A v A sin 30° + 0 = m A v At 

v' At = — v A sin 30° = -6.5524 sin 30° = -3.2762 ft/s (2) 

Coefficient of restitution : 

V Bn- V M= e ( V An- V en) 


v' B sin 30° - v' An = 0.9(v a cos 30° - 0) 
With known value for v At , Eqs. (1) and (3) become 

v' B + v' An sin 30° = 3.2762 cos 30° 
v' B sin 30° - v' An = (0.9)(6.5524)cos 30° 

Solving the two equations simultaneously, 

v* =4.31265 ft/s 
v An = -2.9508 ft/s 


After the impact, ball B swings upward. Using B as a free body 

T' + V' = T b +V b 


where 


T' = ^m B (v' B ) 2 , 

V' = 0, 

T B = 0 


and 


V B = m BS h B 


- m B (y' B ) 2 = m B gh B 


_ 1 (4.31265) 2 
~2 312 

= 0.2888 ft 


(3) 


h B =3.47 in. A 
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B 



\ 

\ 

\ 

\ 

C V" ~J h 2 


PROBLEM 13.186 

A 70 g ball B dropped from a height //,, = 1.5 m reaches a 
height h 2 = 0.25 m after bouncing twice from identical 210-g 
plates. Plate A rests directly on hard ground, while plate C 
rests on a foam-rubber mat. Determine (a) the coefficient 
of restitution between the ball and the plates, ( b ) the height 
h i of the ball’s first bounce. 
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PROBLEM 13.187 



A 700-g sphere A moving with a velocity Vo parallel to the 
ground strikes the inclined face of a 2.1-kg wedge B which can 
roll freely on the ground and is initially at rest. After impact the 
sphere is observed from the ground to be moving straight up. 
Knowing that the coefficient of restitution between the sphere 
and the wedge is e - 0.6, determine (a) the angle 0 that the 
inclined face of the wedge makes with the horizontal, (b) the 
energy lost due to the impact. 


SOLUTION 


(a) Momentum of sphere A alone is conserved in the /-direction : 

m A v 0 cos 0 = m A v' A sin 0 
v 0 = v' A tan 0 

Total momentum is conserved in the v-direction: 


m B v B + m A v 0 = m B v' B + (v' A ) x 

v b=°> 0 ; a)* = ° 
0 + 0.700 v 0 = 2. lv B + 0 


Relative velocities in the n-direction : 

(—v Q sin 0 - 0)e = —v' B sin 0 - v' A cos 0 
(v 0 )(0.6) -v' B +v' A cot 6 

Substituting v' B from Eq. (2) into Eq. (3) 


Divide (4) into (1) 


0.6v 0 = 0.333 v 0 + v' A cot 6 
0.267v 0 = v' A cot 0 


1 

0.267 


tan 0 
cot 9 


= tan’ 9 



( 1 ) 


(2) 


(3) 


(4) 


tan 9 = 1.935 


9 - 62.1° ◄ 


( b ) From(l) 


v 0 = v' A tan 9 - v' A (1.935) 

v' A - 0.5168v 0 , v' B - v 0 /3 (2) 

r iost =^ m A v l -|( w a( v a ) 2 +™ b v 2 b ) 
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PROBLEM 13.187 (Continued) 

Ties, =^(0.7)(v 0 ) 2 -^[(0.7)(0.5168v 0 ) 2 + (2.l)(v 0 /3) 2 ] 

7 lost =l[0.7-0.1870-0.2333]v 0 2 
^lost =°-1400v 2 J 

r lost = o.i400v 2 ◄ 
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PROBLEM 13.188 

When the rope is at an angle of a — 30° the 1-lb sphere A has a 
speed v 0 = 4 ft/s. The coefficient of restitution between A and the 
2-lb wedge B is 0.7 and the length of rope / = 2.6 ft. The spring 
constant has a value of 2 lb/in. and 6 = 20°. Determine (a) the 
velocities of A and B immediately after the impact, (b) the 
maximum deflection of the spring assuming A does not strike B 
again before this point. 


SOLUTION 


Masses: m A = (1/32.2) lb • s 2 /ft m B = (2/32.2) lb • s 2 /ft 

Analysis of sphere A as it swings down : 

Initial state: a- 30°, \ — /(I-coser) = (2.6)(1 -cos30°) = 0.34833 ft 

V 0 = m A gh i} = (1)(0.34833) = 0.34833 lb • ft 
T 0 =\m A vl = |(^W =0.24845 lb - ft 


Just before impact: 


a = 0, \ = 0, V, = 0 


rp 1 2 1 


1.0 

32.2 


1.0 

64.4 


Conservation of energy: T 0 +V 0 — 7j + V 1 

0.24845 + 0.34833 = —— v 2 + 0 
64.4 A 

v 2 = 38.433 ft 2 /s 2 
v A =6.1994 ft/s — 

Analysis of the impact . Use conservation of momentum together with the coefficient of restitution, e = 0.7. 


t 



V 



Note that the rope does not apply an impulse since it becomes slack. 
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PROBLEM 13.188 (Continued) 


Sphere A : Momentum in /-direction: 


m A v A sin 6> + 0 = m A (y ' A ), 

(v' A ) t = v A sin 9 = 6.1994 sin 20° = 2.1203 m/s 
(y A ), = 2.1203 m/s Z70° 


Both A and B : Momentum in ^-direction: 

m A v A + 0 = m A (v' A )„ cos 9 + m A (v' A ), sin 9 + m B v' B 
(1/32.2X6.1994) = (l/32.2)(v x )„ cos 20° + (l/32.2)(2.120323) sin 20° + ( 2/32.2)v' B 
(l/32.2)(v x )„ cos 20° + (2/32.2)v' b =0.17001 (1) 

Coefficient of restitution: 


K)« ~(.v a )„ =e[(v A ) n ~(v B ) n ] 
v' B cos 9 - (v' A ) n = e[v A cos 9- 0] 
v' B cos 20° - (v' A )„ = (0.7)(6.1994) cos 20° 

Solving Eqs. (1) and (2) simultaneously for ( v' A ) n and v B , 

(v A ) n =-1.0446 ft/s 
v; = 3.2279 ft/s 

Resolve v_ 4 into horizontal and vertical components. 


_ 2.1203 
“ 1.0446 

f3 = 63.77° // + 20° = 83.8° 

v a =-\/(2.1203) 2 +(1.0446) 2 
= 2.3637 ft/s 

(a) Velocities immediately after impact. 


(2) 



v' B = 3.23 ft/s — ◄ 


(b) 


Maximum deflection of wedge B. 
Use conservation of energy: 


+ Vb\ ~ T B 2 + Vbi 

rr 1 2 

T B\ =~ m R V B 

y M =o 

T b2 = 0 

V B2 =^k( At) 2 
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PROBLEM 13.189 


When the rope is at an angle of a — 30° the 1-kg sphere A has 
a speed v 0 = 0.6 m/s. The coefficient of restitution between A 
and the 2-kg wedge B is 0.8 and the length of rope / = 0.9 m 
The spring constant has a value of 1500 N/m and tf = 20°. 
Determine, (a) the velocities of A and B immediately after the 
k impact (b) the maximum deflection of the spring assuming A 

does not strike B again before this point. 
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PROBLEM 13.189 (Continued) 


Both A and B : 

Momentum in x-direction: 

m A ( V A )* + 0 = m A ( V A ),' + m H (V' B ) x 

(i)(i.65io) = (ixv;) t +(2)(v;) r (l) 

Coefficient of restitution: (v A ) n = (v A ) x cos 0 


(v B )„ = 0, (v' A )„ = (v' A ) x cos d, {v B ) x cos 30° 

(y' B ) n -(Va)„ =e[(v A )„-(v B )J 
(v« ) x cos 6 - (v' A ) x cos 6> = c[(v A ) A . cos 6} 

Dividing by cos 0 and applying e - 0.8 gives 

K),-(v;) a = (0.8)(1.6510) (2) 

Solving Eqs. (1) and (2) simultaneously, 

(v' A ) x = -0.33020 m/s 
( v ' B ) x = 0.99059 m/s 


(a) 

(b) 


Velocities immediately after impact. 
Maximum deflection of wedge B. 

Use conservation of energy: T m + V m 


L B\ 


V, 


B\ 


l B 2 


v B 2 


- t b2 + V B2 

1 2 

= - m B V B 

= 0 
= 0 

= ^k(Ax) 2 


v A = 0.330 m/s -— -4 
\' B =0.991 m/s — ◄ 


The maximum deflection will occur when the block comes to rest (ie, no kinetic energy) 

^ m B v l =^k(Ax) 2 

<\ x 2 _ m B v 2 B _ (2)(0.99059 m/s) 2 
k 1500 N/m) 

(At) = 0.0362 m Ax = 36.2 mm 4 
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PROBLEM 13.190 

A 32,000-lb airplane lands on an aircraft carrier and is caught by 
an arresting cable. The cable is inextensible and is paid out at A 
and B from mechanisms located below dock and consisting of 
pistons moving in long oil-filled cylinders. Knowing that the 
piston-cylinder system maintains a constant tension of 85 kips in 
the cable during the entire landing, determine the landing speed 
of the airplane if it travels a distance d — 95 ft after being caught 
by the cable. 
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PROBLEM 13.191 

A 2-oz pellet shot vertically from a spring-loaded pistol on the surface of the earth rises to a height of 300 ft. 
The same pellet shot from the same pistol on the surface of the moon rises to a height of 1900 ft. Determine 
the energy dissipated by aerodynamic drag when the pellet is shot on the surface of the earth. (The acceleration 
of gravity on the surface of the moon is 0.165 times that on the surface of the earth.) 


SOLUTION 

Since the pellet is shot from the same pistol the initial velocity v 0 is the same on the moon and on the earth. 


Work and energy . 
Earth: 


©9 


Moon: 


rji 1 2 

T \ =~ mv o 

U i_ 2 = -mg E (300 ft) - E l 
(E, = Loss of energy due to drag) 

T i=^ mv o To — 0 


T 


9 r I 

<d:y* 'kl 


EA.erH 


HOON 


U\-2 = -mg M (1900) 7j - 300 mg E ~E L = 0 

r 2 =o 

T t -1900 mg M = 0 

Subtracting (1) from (2) -1900 mg M + 300 mg E + E L - 0 

§m ~ 0.165g £ 

(2/16) 
m =- 

8e 

E l — (1900) ————(0.165g£-) — 300— 


Se 


Se 


( 1 ) 

(2) 


E, =1.688 ft lb ◄ 
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PROBLEM 13.192 



A satellite describes an elliptic orbit about a planet of mass M. The 
minimum and maximum values of the distance r from the satellite to 
the center of the planet are, respectively, r 0 and i]. Use the principles 
of conservation of energy and conservation of angular momentum to 
derive the relation 

1 1_2 GM 

r o h h 2 

where h is the angular momentum per unit mass of the satellite and G is 
the constant of gravitation. 
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PROBLEM 13.193 

A 60-g steel sphere attached to a 200-mm cord can swing about 
Point O in a vertical plane. It is subjected to its own weight and to 
a force F exerted by a small magnet embedded in the ground. The 
magnitude of that force expressed in newtons is F = 3000/r 2 
where r is the distance from the magnet to the sphere expressed in 
millimeters. Knowing that the sphere is released from rest at A, 
determine its speed as it passes through Point B. 


SOLUTION 


Mass and weight: 

m = 0.060 kg 



W = mg = (0.060)(9.81) = 0.5886 N 

Gravitational potential energy: 

1 

ii 

where h is the elevation above level at B. 

Potential energy of magnetic force: 



F 

V 

m 

3000 dV . 

=—— =- (F, in newtons, r in mm) 

r 2 dr 

r' 3000 3000 

= - —— =-N • mm 

J oo r 2 Y 

Use conservation of energy: 

t 1+ v x =t 2+ v 2 

Position 1 

: (Rest at A.) 

< 

II 

O 

II 

o 

0 


h x =100 mm 

| OO win 


(V g )j =(0.5886 N)(100 mm) = 58.86 N • mm 

From the figure, AD = 200 2 -100 2 (mm 2 ) 

V 


MD = 100 + 12 = 112 mm 

'V.A 2 2 


r x =AD +MD 



= 200 2 -100 2 +112 2 

I QO Win 


= 42544 mm 2 

e 

12 mm 

M 


r x = 206.26 mm 

(V r )j = 3000 = 14.545 N-mm 
h 


Vj = 

58.86-14.545 = 44.3015 N• mm = 44.315xl0^ 3 N-m 
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PROBLEM 13.193 (Continued) 


Position 2. (Sphere at Point B.) 


T 2 = ^ mv l = ^-(0.060)v 2 =0.030 v 2 


(V g ) 2 = 0 (since h 2 = 0) 


r 2 = MB = 12 mm (See figure.) 


(V m ) 2 = ~~yy~ = “250 N • mm = -250x 10~ 3 N • mm 


t i +v i=T 2 +V 2 


0 + 44.315xl0“ 3 = 0.030 v 2 -250x10^ 3 


v 2 2 =9.8105 m 2 /s 2 

v 2 = 3.13 m/s A 
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250 mi 



R = 3960 mi 


PROBLEM 13.194 

A shuttle is to rendezvous with a space station which is in a circular orbit at 
an altitude of 250 mi above the surface of the earth. The shuttle has reached 
an altitude of 40 mi when its engine is turned off at Point B. Knowing that 
at that time the velocity v 0 of the shuttle forms an angle (j) {] = 55° with 
the vertical, determine the required magnitude of v 0 if the trajectory of 
the shuttle is to be tangent at A to the orbit of the space station. 


SOLUTION 


Conservation of energy : 


t b 

t a 


1 2 

= -mv 0 
2 0 


1 2 

= —mv. 



r, =3960+ 250 = 4210 mi 


2 gR 2 


1-*L 




'A J 

r B = 3960 + 40 = 4000 mi 


2(32.2)(3960x528)" 


(4000x5280) 


4000 

4210 


v\ =v 0 2 - 66.495 xlO 6 


( 1 ) 


Conservation of angular momomentum : 


Eqs. (2) and (1) 


r A V A = r B V B Sin ^0; 

v A = (4000/4210)v 0 sin55° = 0.77829 v 0 (2) 

[1 -(0.77829) 2 ] Vq = 66.495xlO 6 v 0 = 12,990 ft/s ◄ 
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PROBLEM 13.195 

A 300-g block is released from rest after a spring of constant 
k = 600 N/m has been compressed 160 mm. Determine the force 
exerted by the loop ABCD on the block as the block passes through 
(a) Point A, (b) Point B, (c) Point C. Assume no friction. 


SOLUTION 


Conservation of energy to determine speeds at locations A, B , and C. 

Mass: m = 0.300 kg 



Initial compression in spring: x 1 = 0.160 m 

Place datum for gravitational potential energy at position 1. 


Position 1: v l = 0 


T, = -mv} = 0 
1 2 1 


V t =\kx{ = ^(600 N/m)(0.160 m) 2 = 7.68 J 
Position 2: T 2 = ~^ mv A ~ •^■(0.3)v^ = 0.15v 2 , 


V 2 = mgh j = (0.3 kg)(9.81 m/s 2 )(0.800 m) = 2.3544 J 
T l +V 1 = r 2 +V 2 : 0 + 7.68 = 0.15v 2 +2.3544 
v 2 =35.504 m 2 /s 2 

Position 3: T 2 - ~ mv B ~ ^-(0.3 )v 2 B - 0.1 5\j, 

V 3 = mghj = (0.3 kg)(9.81 m/s 2 )(1.600 m) = 4.7088 J 
T l + V 1 =T 3 +V 3 : 0 + 7.68 = 0.15v 2 +4.7088 
v 2 =19.808 m 2 /s 2 

Position 4: B = — mv r 2 = (0.3)v^. = 0.15 


V 4 = mgh 4 = (0.3 kg)(9.81 m/s)(0.800 m) = 2.3544 J 
r, + = T 4 + V 4 : 0 + 7.68 = 0.1 5vy. + 2.3544 

v 2 =35.504 m 2 /s 2 
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D 


C" 


PROBLEM 13.196 

A small sphere B of mass m is attached to an inextensible cord of length 2a, 
which passes around the fixed peg A and is attached to a fixed support at O. 
The sphere is held close to the support at O and released with no initial 
velocity. It drops freely to Point C, where the cord becomes taut, and swings 
in a vertical plane, first about A and then about O. Determine the vertical 
distance from line OD to the highest Point C" that the sphere will reach. 
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PROBLEM 13.197 

B 1-* 

k = 500 N/m 

^900gV 

y* Y 30 ° 

/>og 

l m 

A 300-g collar A is released from rest, slides down a frictionless rod, and 
strikes a 900-g collar B which is at rest and supported by a spring of 
constant 500 N/m. Knowing that the coefficient of restitution between the 
two collars is 0.9, determine (a) the maximum distance collar A moves 
up the rod after impact, ( b ) the maximum distance collar B moves down 
the rod after impact. 
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PROBLEM 13.197 (Continued) 

V t = V e + V g = ^kx o + m B gd B sin 30° 

V 2 = v; + V' = l* 0+dB kxdx = + 2 d B x 0 + Xq ) 

-i-fctQ + mgd B sin 30° + ^m B v B = -^k(d% + 2d B x 0 + jcq j + 0 + 0 
fa/J = m B v 2 B ; 500= 0.9(1.6297) 2 = 0.0691m 

d B = 69.1 mm 4 
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PROBLEM 13.198 



Blocks A and B are connected by a cord which passes over pulleys 
and through a collar C. The system is released from rest when 
x— 1.7 m. As block A rises, it strikes collar C with perfectly plastic 
impact (e - 0). After impact, the two blocks and the collar keep 
moving until they come to a stop and reverse their motion. As A 
and C move down, C hits the ledge and blocks A and B keep 
moving until they come to another stop. Determine (a) the velocity 
of the blocks and collar immediately after A hits C, ( b ) the distance 
the blocks and collar move after the impact before coming to a stop, 
(c) the value of x at the end of one compete cycle. 
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PROBLEM 13.198 (Continued) 


Position ( 3 ): 
J 3 = 0 


T 2 +V 2 = T 3 +V 3 


V 3 = (m A + m c )gd — m B gd 
V 3 =(S-6)gd = 2gd 


13.103 + 0 = 0 + 2^ 
d = (13.103)/(2)(9.81) = 0.6679 m 


d - 0.668 m A 


( c ) As the system returns to position © after stopping in position ©, energy is conserved, and the 
velocities of A, B, and C before the collar at C is removed are the same as they were in Part (a) above 
with the directions reversed. Thus, v' A — v' c - v' B - 1.3679 m/s. After the collar C is removed, the 
velocities of A and B remain the same since there is no impulsive force acting on either. 

Conversation of energy : 


Datum at ©: 


V 2 =0 


t 2 +v 2 =t 4 +v 4 


T 2 =^( m A +m B )( V ' A ) 2 

r 2 =i(5 + 6)(1.3679) 2 
T 2 =10.291 J 

r 4 = 0 V 4 = m B gx-m A gx 
V 4 = (6-5)gx 



10.291 + 0 = (l)(9.81)x 


x - 1.049 m M 
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PROBLEM 13.199 



A 2-kg ball B is traveling horizontally at 10 m/s when it strikes 
2-kg ball A. Ball A is initially at rest and is attached to a spring 
with constant 100 N/m and an unstretched length of 1.2 m. 
Knowing the coefficient of restitution between A and B is 0.8 
and friction between all surfaces is negligible, determine the 
normal force between A and the ground when it is at the 
bottom of the hill. 
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PROBLEM 13.199 (Continued) 


Coefficient of restitution. 


(e = 0.8) 

( v b\ =(.v a )„ =e[0-(v 0 )J 


(v B )„ - v A cos40° = -(0.8)(10) cos40° (2) 

Solving Eqs. (1) and (2) simultaneously, 

v A = 6.6566 m/s (v B )„ =-1.0291 m/s 

As ball A moves from the impact location to the lowest point on the path, the spring compresses and the 
elevation decreases. Since friction is negligible, energy is conserved. 

T l+Vl =T 2 +V 2 


\>nA+<y e \ +(v,), - ~ m A v 2 + <y e h + <v g ) 2 


Position 1: (Just after impact.) 


=im A v A =^(2)(6.6566) 2 =44.3101 J 

(V e ) 1 = 0 (The spring is unstretched.) 

(VJ, =0 (Datum) 


Position 2: (Lowest point on path.) 


rji 1 2 1 2 2 

T 2 =~ m AV 2 =-( 2)^2 =^2 


For the spring, 


x 2 — l 2 -1 0 — 0.4 m -1.2 m = 0.8 m 


F e =kx 2 = (100)(0.8) = 80 N 
(V 2 ) e = ~^kx 2 = ^-(100)(0.8) 2 = 32 J 


Elevation above datum: 


/it = -0.4 m 

<y 2 \ - m A g h 2 = (2)(9.81)(—0.4) = -7.848 


Conservation of energy: 


44.310 + 0 + 0 = V 2 + 32 - 7.848 


v 2 =20.158 m 2 /s 2 


v 2 = 4.489 m/s 


Normal acceleration at lowest point on path: 


v 2 20.158 no ^ no , 2 
a„ = — = -= 28.798 m/s 


" p 0.7 


a n =28.8 m/s 2 1 
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PROBLEM 13.200 

20 ° 

,j> 

A 2-kg block A is pushed up against a spring compressing it a 
distance x = 0.1 m. The block is then released from rest and 
slides down the 20° incline until it strikes a 1-kg sphere B 
which is suspended from aim inextensible rope. The spring 
constant k = 800 N/m, the coefficient of friction between A and 
the ground is 0.2, the distance A slides from the unstretched 
length of the spring d - 1.5 m and the coefficient of restitution 
between A and B is 0.8. When a = 40°, determine (a) the speed 
of B (b) the tension in the rope. 
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PROBLEM 13.201* 

The 2-lb ball at A is suspended by an inextensible cord and given an initial 
horizontal velocity of v (l . If Z = 2 ft, x B — 0.3 ft and y B — 0.4 ft determine the 
initial velocity v so that the ball will enter in the basket. Hint: use a computer 
to solve the resulting set of equations. 


SOLUTION 

Let position 1 be at A. v l = v 0 

Let position 2 be the point described by the angle 9 where the path of the ball changes from circular to 
parabolic. At position 2 the tension Q in the cord is zero. 

Relationship between v 2 and 9 based on Q - 0. Draw the free body diagram. 



Q. w 

v 

+/ £F = 0: Q + mg sin 9 = ma n = 



mv i 


With <2 = 0, V 2 - gi sin# or v 2 = 2 /gfsin^ 

Relationship among v 0 , v 2 , and 9 based on conservation of energy. 

T\ + V\ ~T 2 + V 2 

1 , 1 2 

— mv 0 - mgl - — mv 2 + mgl sin 0 

Vq = v 2 + 2gf(l + sin6^) 


( 1 ) 


(2) 
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PROBLEM 13.201* (Continued) 


x and y coordinates at position 2 : 


x 2 - t cos 9 


y 2 - £ sin 9 

Let t 2 be the time when the ball is in position 2. 

Motion on the parabolic path . The horizontal motion is 


x = —v 2 sin 9 


x = x 2 - (v 2 sin 9)(t -t 2 ) 


At Point B, 


Vertical motion: 


At Point 5, 


Data : 

With the numerical data, 
Eq. (1) becomes 

Eq. (6) becomes 
Eq. (7) becomes 


x = x B and t — t B . 


From Eq. (5), 


(t B h ) 


l cos 9 - x u 


v e sin 0 
y = v 2 cos 9- g(t -t 2 ) 

1 9 

>’ = >2 + (v 2 COS 9)(t-t 2 )-—g(t-t 2 ) 


y B =£sin9+(v 2 cos9)(t B —t 2 ) — — g(t B ~t 2 ) 2 
* = 2 ft, x B = 0.3 ft, y B = 0.4 ft, g = 32.2 ft/s 2 


v 2 = ^64.4 sin 9 
2cos#-0.3 


t B t 2 


v 2 sin 9 


y B -2sin9+{v 2 cos9){t B -t 2 )-\6.\{t B —t 2 ) 


Method of solution . From a trial value of 9, calculate v’ 2 from Eq. (1)', t B -1 2 from Eq. (6)', and y B 
from Eq. (7)'. Repeat until y B — 0.4 ft as required. 


Try 9 = 30°. 


v 2 = V64.4sin30° = 5.6745 ft/s 

2cos30°-0.3 nenA „ 

-to = -= 0.50473s 

2 5.6745 sin 30° 

y B = 2 sin 30° + (5.6745 cos 30°)(0.50473) - (16.1)(0.50473) 2 
= -0.62116 ft 


( 3 ) 

( 4 ) 


( 5 ) 


( 6 ) 


( 7 ) 


(1/ 

( 6 )' 

or 
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PROBLEM 13.201* (Continued) 


Try 9 = 45°. 


v 2 = V64.4sin45° = 6.7482 

. 2cos45°-0.3 A „,, C1 

- f, =-= 0.23351 s 

2 6.7482 sin 45° 

y B = 2 sin 45° + (6.7482 cos 45°)(0.23351) - (16.1)(0.23351) 2 
= 1.65060 ft 


Try 9 = 37.5°. 




= V64.4 sin 37.5° = 6.2613 ft/s 
2cos 37.5°-0.3 

- = 0.33757 s 


6.2613 sin37.5° 

y B = 2sin37.5° + (6.2613cos37.5°)(0.33757) - (16.1)(0.33757) 2 
= 1.05972 ft 


Let u = 9 — 30°. The following sets of data points have be determined: 

(u, y B ) = (0°, -0.62114 ft), (7.5°, 1.05972 ft), (15°, 1.65060 ft) 
The quadratic curve fit of this data gives 

y B = -0.62114 + 0.29678 u - 0.009688711 u 1 


Setting y B = 0.4 ft gives the quadratic equation 

-0.009688711 u 2 + 0.29678 u -1.02114 = 0 
Solving for u, u — 3.95° and 26.68° 

Rejecting the second value gives 9 = 30° + u = 33.95°. 


Try 9 = 33.95°. 


= ^64.4 sin 33.95° = 5.997 ft/s 


2 cos 33.95°-0.3 


= 0.40578 s 


5.9971 sin33.95° 
y B = 2sin 33.95° + (5.997 cos 33.95°)(0.40578) - (16.1)(0.40578) 2 
= 0.48462 ft 


The new quadratic curve-fit is based on the data points 

(u, y B ) = (0°, -0.62114 ft), (3.95°, 0.48462 ft), (7.5°, 1.05972 ft). 
The quadratic curve fit of this data is 

y B = -0.62114 + 0.342053907 u - 0.015725232 u 2 

Setting y B - 0.4 ft gives 

-0.015725232 n 2 + 0.342053907 u -1.02114 = 0 
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PROBLEM 13.201* (Continued) 


Solving for u, 


Try 0 = 33.572°. 


u = 3.572° 


0 - 30° + 3.572° = 33.572° 


= ^/64.4 sin 33.572° = 5.9676 ft/s 


2 cos 33.572°-0.3 


= 0.41406 s 


5.9676 sin 33.572° 
y B = 2sin33.572° + (5.9676cos33.572°)(0.41406) — (16.1)(0.41406) 2 
= 0.40445 ft 


which is close enough to 0.4 ft. 

Substituting 6 = 33.572° and v 2 = 5.9676 ft/s into Eq. (2) along with other data gives 

v 0 2 = (5.9676) 2 + (2)(32.2)(2)(1 + sin 33.572°) = 235.64 ft 2 /s 2 

v 0 = 15.35 ft/s 
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CHAPTER 14 







■*— 0.5 m —- 




P 

B 

V 


v 0 


W 




PROBLEM 14.1 

A 30-g bullet is fired with a horizontal velocity of 450 m/s and 
becomes embedded in block B which has a mass of 3 kg. After the 
impact, block B slides on 30-kg carrier C until it impacts the end of 
the carrier. Knowing the impact between B and C is perfectly plastic 
and the coefficient of kinetic friction between B and C is 0.2, 
determine (a) the velocity of the bullet and B after the first impact, 
( b ) the final velocity of the carrier. 


SOLUTION 


For convenience, label the bullet as particle A of the system of three particles A, B, and C. 

( a ) Impact between A and B: Use conservation of linear momentum of A and B. Assume that the time 
period is so short that any impulse due to the friction force between B and C may be neglected. 

IhnVj + XImp l2 = X/wv 2 

n? A /ifc m 8 W' 

■*- 

A + 

Components -—: m A v 0 + 0 = (m A + m B )v' 

v > = gWo = (30xl0~ 3 kg)(450 m/s) = 4 _ 4554 ^ 
m A + m B (30x10~ 3 kg + 3 kg 

v' = 4.46 m/s -*— A 

(b) Final velocity of the carrier: Particles A, B, and C have the same velocity v" to the left. Use 
conservation of linear momentum of all three particles. The friction forces between B and C are internal 
forces. Neglect friction at the wheels of the carrier. 




£»jv 2 +ZImp 2 ^ 3 = Emv 


o 


WhATe, 

■s- 

+ 


(rri A + vn c + m^)AJ 
<— 


Components 


T5 -o 

( m A + m B )v' + 0 = (m A + m B + m c )v 
» 0n A +m R )v 


vr 


m.v. 


A l 0 


m A + m B + m c m A + m B + m c 


(30x10 kg)(450m/s) 
30 x 10“ 3 kg + 3 kg + 30 kg 


■ = 0.4087 m/s 


v" = 0.409 m/s 
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PROBLEM 14.2 

A 30-g bullet is fired with a horizontal velocity of 450 m/s through 3-kg block B and becomes embedded in 
carrier C which has a mass of 30 kg. After the impact, block B slides 0.3 m on C before coming to rest relative 
to the carrier. Knowing the coefficient of kinetic friction between B and C is 0.2, determine (a) the velocity of 
the bullet immediately after passing through B, ( b ) the final velocity of the carrier. 


SOLUTION 


For convenience, label the bullet as particle A of the system of three particles A, B, and C. 

( b ) Final velocity of carrier: Use conservation momentum for all three particles, since the impact forces and 

the friction force between B and C are internal forces of the system. 

Xmv j + XImp |2 = Zmv 2 



Components -*—: m A v 0 + 0 = (m A + m B + m c )v" 


m.v. 


■A v 0 


m A + m B + rn c 


(0.030 kg)(450 m/s) 
33.03 kg 


= 0.40872 m/s 


v = 0.409 m/s 


(a) Velocity v A of the bullet: 

The sequence of events described is broken into the following states and processes. The symbols for 
velocities of A, B, and C at the various states are given in the following table: 


State 

Symbol for velocity 

Process 

A 

B 

c 

(1) 


0 

0 

Initial state 

(2) 


V B 

0 

1 —- 2: Bullet passes through block 

(3) 

V AC 

V B 

V AC 

2 —*- 3: Bullet impacts end of carrier 

(4) 

n 

V 

// 

V 

rr 

V 

3 —*- 4: Block slides to rest relative to carrier 
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PROBLEM 14.2 (Continued) 


For process 1 —*- 

2 apply conservation of momentum. 



m A V 0 = m A V A + m B V B 

(1) 

For process 2 —«- 

3 apply conservation of momentum to A and C. 



m A v A =(m A + m c )v AC 

(2) 

For process 3 —*- 

4 apply conservation of momentum to A, B , and C. 



(m A + m c )v AC + m B v B = ( m A + m B + m c )v" 

(3) 

For process 3 —*- 4 apply the principle of work and energy, since the work U 3 ^ 4 of the friction 
force may be calculated. 


Normal force: 

N = W b = m B g = (3 kg)(9.81 m/s) = 29.43 N 


Friction force: 

F f = /u k N = (0.2)(29.43) = 5.886 N 


Work: 

t/ 3 _ 4 = -F f d = -(5.886 N)(0.3 m) = -1.7658 J 


Principle of work and energy: T AC + T B + U^ 4 = T" 

(4) 

where 

1 2 

t ac =y( m A +m c) V AC 

rr 1 2 

T B = ~ m B V B 

T =—( m A + m B + m c )(v‘ r ) 2 


Applying the numerical data gives 



(0.030X450) = 0.030v a + 3v B 

(iy 


0.030v a = 30.03v' ac 

(2)' 


30.03v ac + 3v b = (33.03)(0.40872) 

(3)' 


i(30 03li'4 + i(3)»J -1.7658 = i(33.03)(0.40872) 2 

(4)' 

From Eq. (3)', 

(33.03)(0.40872,-3v s=044955 _ 00999 

30.03 


Substituting into Eq. (4)' gives 



(15.015)(0.44955 - 0.0999v B ) 2 + 1.5v“ -1.7658 = 2.7586 


which reduces to the quadratic equation 



1.64985vg -1.34865 v B -1.48995 = 0 
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PROBLEM 14.2 (Continued) 



Solving, 

v B =1.44319 and -0.62575 




v B =1.44319 m/s 



Using Eq. (1)' with numerical data, 

13.5 = 0.030v a + (3)(1.44319) 





v A - 306 m/s - 

◄ 
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PROBLEM 14.3 

Car A weighing 4000 lb and car B weighing 3700 lb 
are at rest on a 22-ton flatcar which is also at rest. 
Cars A and B then accelerate and quickly reach 
constant speeds relative to the flatcar of 7 ft/s and 
3.5 ft/s, respectively, before decelerating to a stop at 
the opposite end of the flatcar. Neglecting friction 
and rolling resistance, determine the velocity of the 
flatcar when the cars are moving at constant speeds. 


SOLUTION 

4000 , 3700 .... . , (22)(2000) , 

The masses are m, = -= 124.2 slugs, m K =-= 114.9 slugs, and m r =-= 1366.5 slugs 

A 32.2 S B 32.2 S F 32.2 S 

Let v A ,v B , and v F be the sought after velocities in ft/s, positive to the right. 

Initial values: (v A ) 0 = (v B ) 0 = (v F ) 0 = 0. 

Initial momentum of system: m A (v A ) 0 + m B (v B ) 0 + m F (v F ) 0 = 0. 

There are no horizontal external forces acting during the time period under consideration. Momentum is 
conserved. 

0 = m A v A + m B v B + m F v F 

124.2v a + 114.9vg + 1366.5v f =0 (1) 

The relative velocities are given as 

V AIF = V A ~ V F = - 1 ft/s (2) 

v b/f = v b ~ Vp = — 3.5 ft/s (3) 

Solving (1), (2), and (3) simultaneously, 

v A = -6.208 ft/s, v B = -2.708 ft/s, v F = 0.7919 ft/s 

v F =0.792 ft/s —◄ 


0-0’ w 
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1500 ft/s ^ 

-► 

a A if ji 


lAji 

PROBLEM 14.4 

A bullet is fired with a horizontal velocity of 1500 ft/s through 
a 6-lb block A and becomes embedded in a 4.95-lb block B. 
Knowing that blocks A and B start moving with velocities of 

5 ft/s and 9 ft/s, respectively, determine (a) the weight of the 
bullet, ( b ) its velocity as it travels from block A to block B. 

col. 

4.95 11) 

P 





SOLUTION 


The masses are m for the bullet and m A and m B for the blocks. 

(a) The bullet passes through block A and embeds in block B. Momentum is conserved. 
Initial momentum: mv 0 + m A (0) + m B (0) = mv 0 

Final momentum: mv B + m A v A + m B v B 

Equating, mv 0 = mv B + m A v A + m B v B 


m — 


m A v A + m B v B _ (6)(5) + (4.95)(9) 
Vn-V’n 1500-9 


= 0.0500 lb 


m — 0.800 oz A 


( b ) The bullet passes through block A. Momentum is conserved. 

Initial momentum: mv 0 + m A (0) = mv 0 

Final momentum: m\\ + m A v A 

Equating, mv 0 = mv x + m A v A 

v _ mv o - m A v A _ (0-0500)(1500) - (6)(5) _ 9QQ ft/ ^ 
1 m 0.0500 


Vj =900 ft/s—► ◄ 
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PROBLEM 14.5 


Two swimmers A and B, of weight 190 lb and 125 lb, 
respectively, are at diagonally opposite comers of a floating 
raft when they realize that the raft has broken away from its 
anchor. Swimmer A immediately starts walking toward B at 
a speed of 2 ft/s relative to the raft. Knowing that the raft 
weighs 300 lb, determine (a) the speed of the raft if B does 
not move, ( b ) the speed with which B must walk toward 
A if the raft is not to move. 
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PROBLEM 14.6 

A 180-lb man and a 120-lb woman stand side by side at the 
same end of a 300-lb boat, ready to dive, each with a 16-ft/s 
velocity relative to the boat. Determine the velocity of the 
boat after they have both dived, if (a) the woman dives first, 
( b ) the man dives first. 


SOLUTION 

(a) Woman dives first. 

Conservation of momentum: 


3004 180 .f 


O = 


120 , 300 + 180 

-(16-Vj)-Vj =0 

§ g 


v, = ( 12 °)( 16) _ 3 20 ft/s. 


600 


Man dives next. Conservation of momentum: 


3tfO + )8o ,r 


X; 


l 


= X 




300 + 180 300 180 

-v 1 =- v 2 H-(16 - v 2 ) 

8 " 8 


8 


( b ) Man dives first. 

Conservation of momentum: 


480V, + (180)(16) =92Qft/s 
480 


18 ° n . 300 + 120 , 

-(16 - Vj)-i ; i = 0 

8 8 


(180X16) = 4 _8o ft/s 


600 


Woman dives next. Conservation of momentum: 


300 + 120 , 300 , 120 

- v 1 = -w, H-(16 - v 2 ) 

8 8 " 8 

420^+020X16) =937ft/g 
2 420 


4-4) 


(it* i 


= 9.20 ft/s 


▼; =9.37 ft/s 
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PROBLEM 14.7 

A 40-Mg boxcar A is moving in a railroad switchyard with a velocity of 9 km/h toward cars B and C, which 
are both at rest with their brakes off at a short distance from each other. Car B is a 25-Mg flatcar supporting a 
30-Mg container, and car C is a 35-Mg boxcar. As the cars hit each other they get automatically and tightly 
coupled. Determine the velocity of car A immediately after each of the two couplings, assuming that the 
container (a) does not slide on the flatcar, ( b ) slides after the first coupling but hits a stop before the second 
coupling occurs, (c) slides and hits the stop only after the second coupling has occurred. 


9 km/h 



SOLUTION 


Each term of the conservation of momentum equation is mass times velocity. As long as the same units are 
used in all terms, any unit may be used for mass and for velocity. We use Mg for mass and km/h for velocity 
and apply conservation of momentum. 

Note: Only moving masses are shown in the diagrams. 

Initial momentum: m A v o = (40)(9) = 360 

(a) Container does not slide 



TS/tf, 

-Sr 

— 


!*□ = j 

1 4C> 

r*— 

LJ 

a 


360 = 95V! =130v 2 


( b ) Container slides after 1st coupling, stops before 2nd 

GS*r t 

—>- — 


4o 

— 

40 

2.5- — 

i. 

#'» • • *4 '11 


360 = 65v, = 1 30 v 2 


130 &z 

-- 


4o 

Vr— 


SS\ 


V| 

V 2 


I 35 I 

-*r»— 

= 3.79 km/h 
= 2.77 km/h 


◄ 

◄ 


!3o <r L 

2 

. . 


4o 




-5^ 




35 


M 1 «« 


Vj = 5.54 km/h —► -4 
v 2 = 2.77 km/h —► 4 
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PROBLEM 14.7 (Continued) 


(c) Container slides and stops only after 2nd coupling 


H0aT o 

- 


C*SaT { 

- -v 


loo 

■ > 




4 o , 

ii 1 g » » 


Ho 


2S 


3S 


360 = 65vj = 100v 2 


v, = 5.54 km/h —- 4 
v 2 = 3.60 km/h —*- 4 
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PROBLEM 14.8 


Packages in an automobile parts supply house are transported 
to the loading dock by pushing them along on a roller track 
with very little friction. At the instant shown, packages B and 
C are at rest and package A has a velocity of 2 m/s. Knowing 
that the coefficient of restitution between the packages is 0.3, 
determine (a) the velocity of package C after A hits B and B 
hits C, ( b ) the velocity of A after it hits B for the second time. 


SOLUTION 

(a) Packages A and B: 

. v i ' 

-u ^-2- t vd s AJrg ,=0 Vg 

i 8 ^s i 0 = n§o m 

A (5 A 8 

Total momentum conserved: 

m A v A + m B v B = m A v' A + m B v B 
(8 kg)(2 m/s) + 0 = (8 kg)v^ + (4 kg)v^ 

4 = + v' B 

Relative velocities. 

(v A -v H )e = (v' H -v' A ) 

(2)(0.3) = v' B -v' A 

Solving Equations (1) and (2) simultaneously, 


Packages B and C: 

0^ = 1,733 Ws _^=o 

) | 1 — 

c. e> c. 

■di*. m B v' B + m c v c = m B v" B + m c v' c 
(4 kg)( 1.733 m/s) + 0 = 4v B + 6v' c 

6.932 = 4v B + 6v' c (3) 
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v' A - 1.133 m/s —► 
v' B - 1.733 m/s —► 


2 m/s 
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PROBLEM 14.8 (Continued) 


Relative velocities: 


(v'b -v c )e = v' c -v" B 
(1.733X0.3) = 0.5199 = v' c -v" 

(4) 

Solving equations (3) and (4) simultaneously. 

y' c = 0.901 m/s — * ◄ 

( b ) Packages A and B (second time), 


\J A '=U33t!i A 4^"=0.3fi 19 0/4' Ob" 1 

K hMI = iSto! 14ficA ( 

& e> a & 


Total momentum conserved: 


(8)(1.133) + (4)(0.381) = 8v" + 4v” 


10.588 = 8 v\+4v’ b 

(5) 

Relative velocities: 


(v A -v B )e = v B -v A 


(1.133 - 0.381)(0.3) = 0.2256 = v"' - v\ 

(6) 

Solving (5) and (6) simultaneously, 


v' = 0.807 m/s 

= 0.807 m/s—◄ 
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PROBLEM 14.9 


A system consists of three particles A, B, and C. We know that 
m A — 3 kg, m B = 2 kg, and m c -4 kg and that the 
velocities of the particles expressed in m/s are, respectively, 
v A = 4i + 2j + 2k, v B = 4i + 3j, and \ c = —2i + 4j + 2k. 
Determine the angular momentum H 0 of the system about (). 
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PROBLEM 14.10 

For the system of particles of Problem 14.9, determine (a) the 
position vector r of the mass center G of the system, (b) the 
linear momentum mx of the system, (c) the angular momentum 
H g of the system about G. Also verify that the answers to this 
problem and to problem 14.9 satisfy the equation given in 
Problem 14.27. 

PROBLEM 14.9 A system consists of three particles A, B, and C. 
We know that m A = 3 kg, m B = 2 kg, and m c — 4 kg and that 
the velocities of the particles expressed in m/s are, respectively, 
v A = 4i + 2j + 2k, v B - 4i + 3j, and v c = —2i + 4 j + 2k. 
Determine the angular momentum H 0 of the system about O. 


SOLUTION 

Position vectors, (meters): r A = 3j, r B = 1.2i + 2.4j + 3k, r c = 3.6i 

(a) Mass center: Kt + m B + m c ) F = m A r A + m B r B + m c r c 

9r = (3)(3j) + (2)(1.2i + 2.4j + 3k) + (4)(3.6i) 
r = 1.86667i + 1.53333j + 0.66667k 

r = (1.867 m)i + (1.533 m)j + (0.667 m)k A 

Linear momentum of each particle, (kg m 2 /s). 

m A y A = 12i + 6j + 6k 
m B \ B = 8i + 6j 
m c x c = -8i + 16j + 8k 

( b ) Linear momentum of the system, (kg • m/s.) 

nix = m A x A + m B x B + m c x c = 12i + 28j + 14k 

mx = (12.00 kg-m/s)i + (28.0kg-m/s)j + (14.00kg-m/s)k A 

Position vectors relative to the mass center, (meters). 

r A = r A - r = -1.86667i + 1.46667j - 0.66667k 
t b — t b — Y — -0.66667i + 0.86667j + 2.33333k 
r c = r c - r = 1.733331 - 1.53333j - 0.66667k 
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PROBLEM 14.10 (Continued) 


(c) Angular momentum about G, (kg • m 2 /s). 

H g = r' A x m A \ A + r' B x m B v B +r' c x m c \ c 

i j k i j k 

-1.86667 1.46667 -0.66667 + -0.66667 0.86667 2.33333 
12 6 6 8 6 0 

i j k 

+ 1.73333 -1.53333 -0.66667 
-8 16 8 

= (12.81 + 3.2j - 28.8k) + (—141 + 18.6667j - 10.9333k) 

+ (—1.61 - 8.5333j + 15.4667k) 

= —2.81 + 13.3333j - 24.2667k 

H g = -(2.80kg-m 2 /s)i + (13.33kg-m 2 /s)j - (24.3kg-m 2 /s)k A 

i j k 

r x mv = 1.86667 1.53333 0.66667 
12 28 14 

= (2.8 kg-m 2 /s)i - (18.1333 kg-m 2 /s)j + (33.8667 kg-m 2 /s)k 

H G + r x mv = -(4.8 kg-m 2 /s)j + (9.6 kg-m 2 /s)k 
Angular momentum about O. 

H 0 = r A x (m A \ A ) + r B x (m B \ B ) + r c x (m c Y c ) 
i j k i j k i j k 

0 3 0 + 1.2 2.4 3 + 3.6 0 0 

12 6 6 8 6 0 -8 16 8 

= (18i - 36k) + (—18i + 24j - 12k) + (-28.8j + 57.6k) 

= -(4.8 kg-m 2 /s)j + (9.6 kg-m 2 /s)k 

Note that 

H 0 = H g + r x mv 
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PROBLEM 14.11 


A system consists of three particles A, B, and C. We know that W A = 51b, 
W B - 41b, and W c — 3 lb, and that the velocities of the particles expressed 
in ft/s are, respectively, v A = 2i+3j-2k, v B = v x i + v v j + v z k, and 
v c = —3i - 2j + k. Determine (a) the components v x and v, of the velocity 
of particle B for which the angular momentum H 0 of the system about O 
is parallel to the x axis, ( b ) the value of H 0 . 
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PROBLEM 14.12 

For the system of particles of Problem 14.11, determine (a) the 
components y v and v- of the velocity of particle B for which the angular 
momentum H 0 of the system about O is parallel to the z axis, (b) the value 
of H 0 . 


PROBLEM 14.11 A system consists of three particles A, B, and C. We 
know that W A =51b, W B - 41b, and W c - 31b and that the velocities of 
the particles expressed in ft/s are, respectively, v 4 = 2i + 3j - 2k, 
\ B = v x i + vj + vk, and v c = —3i - 2j + k. Determine (a) the 
components v A and v z of the velocity of particle B for which the angular 
momentum H 0 of the system about O is parallel to the x axis, (b) the value 


SOLUTION 


H 0 = Er, x mv, = Zm, 




j 

(V/)y 


k 


Zi 

( V i)z 


5 

* 

j 

k 

4 

* 

j 

k 

3 

* 

j 

k 


0 

5 

4 

+ — 

4 

4 

3 

+ — 

8 

6 

0 

8 

2 

3 

-2 

8 

V x 

2 

V z 

8 

-3 

-2 

1 


= — [5(—10 -12) + 4(4v_ - 6) + 3(6 - 0)]i 
8 


+-[5(8 - 0) + 4(3 v r - 4v z ) + 3(0 - 8)]j 
8 

+—[5(0 -10) + 4(8 - 4v x ) + 3(—16 + 18)]k 
8 

H 0 =—[(16v,-116)1 + (12+ - 16v, +16)j + (-16v t - 12)k] 
8 


( 1 ) 


(a) For H 0 to be parallel to the z axis, we must have H x = H = 0: 

H x = 0: 16v z -116 = 0 v, = 7.25 ft/s ◄ 

H y = 0: 12V,-16(7.25) + 16 = 0 v, =8.33ft/s ◄ 

( b ) Substituting into Eq. (1): 

H ° = 3^2 [_16(8 ' 33) “ 12]k H ° = _ ^ 4 - 51 ft ' lb ' s ^ k ^ 
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PROBLEM 14.13 

A system consists of three particles A, B, and C. We know that 
rn A = 3 kg, m B = 4 kg, and m c = 5 kg, and that the velocities of the 
particles expressed in m/s are, respectively, v A =-4i + 4j + 6k, 
y b = -6i + 8j + 4k, and v c =2i-6j-4k. Determine the angular 
momentum H 0 of the system about O. 


SOLUTION 

Linear momentum of each particle, (kg-m/s): 

m A Y A — —12i +12j + 18k 
m B \ B = -24i + 32 j + 16k 
m c \ c - lOi - 30j - 20k 

Position vectors, (meters): 

r A =1.2i + 1.5k, r B =0.9i + 1.2j + 1.2k, r c =2.4j + 1.8k 
Angular momentum about O, (kg m 2 /s): 

H 0 = r A x m A \ A + r B x m B \ B + r c x m c \ c 


i 

j 

k 


i 

j 

k 


i 

j 

k 

1.2 

0 

1.5 

+ 

0.9 

1.2 

1.2 

+ 

0 

2.4 

1.8 

-12 

12 

18 


-24 

32 

16 


10 

-30 

-20 


= (—18i - 39.6 j + 14.4k) + (—19.21 - 43.2j + 57.6k) + (6i + 18j - 24k) 

= —31.21 - 64.8j + 48.0k 

H 0 =-(31.2 kg-m 2 /s)i-(64.8 kg-m 2 /s)j +(48.0 kg-m 2 /s)k A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


860 






PROBLEM 14.14 

For the system of particles of Problem 14.13, determine (a) 
the position vector r of the mass center G of the system, (b) 
the linear momentum mv of the system, (c) the angular 
momentum H c of the system about G. Also verify that the 
answers to this problem and to Problem 14.13 satisfy the 
equation given in Problem 14.27. 

PROBLEM 14.13 A system consists of three particles A, B, 
and C. We know that m A = 3 kg, m B = 4 kg, and m c = 5 kg 
and that the velocities of the particles expressed in m/s 
are, respectively, \ A - -4i + 4j + 6k, v B =-6i + 8j + 4k, and 
v c = 2i — 6j — 4k. Determine the angular momentum H 0 of 
the system about O. 


SOLUTION 

Position vectors, (meters): 

r A =1.2i + 1.5k, r B - 0.9i + 1.2j + 1.2k, r c =2.4j + 1.8k 

(a) Mass center: 

(m A + m B + m c )r = m A r A + m B r B + m c r c 

12r = (3)(1,2i +1,5k) + (4)(0.9i +1.2 j +1,2k) + (5)(2.4j +1,8k) 
r = 0.6i +1.4j +1.525k 

r = (0.600 m)i + (1.400 m)j + (1.525 m)k 4 

Linear momentum of each particle, (kg • m/s): 

m A y a ~ —12i + 12j + 18k 
rn B \ B ~ _ 24i + 32j + 16k 
m c \ c - lOi - 30j - 20k 

( b ) Linear momentum of the system, (kg • m/s): 

mv = m A v A + m B \ B + m c v c = —26i + 14j + 14k 

mv = -(26.0 kg • m/s)i + (14.00 kg • m/s)j + (14.00 kg • m/s)k 4 
Position vectors relative to the mass center, (meters). 

r' A = r A - r = 0.6i -1,4j - 0.025k 
r' B - r B - r = 0.3i - 0.2j - 0.325k 
= r c - r = -0.6i +1.0j + 0.275k 
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PROBLEM 14.14 (Continued) 


(c) Angular momentum about G, (kg • m 2 /s): 

H c = r' A x m A \ A + r' x m B s B + r' x m c v c 


i 

j 

k 


i 

j 

k 


i 

j 

k 

0.6 

-1.4 

-0.025 

+ 

0.3 

-0.2 

-0.325 

+ 

-0.6 

1.0 

0.275 

-12 

12 

18 


-24 

32 

16 


10 

-30 

-20 


= (—24.91 -10.5 j - 9.6k) + (7.2i + 3.0j + 4.8k) + (-11.751 - 9.25j + 8.0k) 

= -29.45i - 16.75j + 3.2k 

H c = -(29.5 kg • m 2 /s)i - (16.75 kg • m 2 /s)j + (3.20 kg • m 2 /s)k 4 


r x ms 


0.6 


-26 


j k 

1.4 1.525 
14 14 


= -1.75i-48.05j + 44.8k 


H c + r Xfflv = -(31.2 kg - m 2 /s)i - (64.8 kg • m 2 /s)j + (48.0 kg • m 2 /s)k 
Angular momentum about O, (kg • m 2 /s): 

H 0 = r A x m A s A + r B x m B \ B + r c x m c s c 


i 

j 

k 


i 

j 

k 


i 

j 

k 

1.2 

0 

1.5 

+ 

0.9 

1.2 

1.2 

+ 

0 

2.4 

1.8 

-12 

12 

18 


-24 

32 

16 


10 

-30 

-20 


= (—181 — 39.6 j + 14.4k) + (—19.21 - 43.2j + 57.6k) + (6i +18j - 24k) 
= -(31.2 kg • m 2 /s)i - (64.8 kg • m 2 /s)j + (48.0 kg • m 2 /s)k 

Note that H 0 = H c + r x ms. 
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PROBLEM 14.15 


A 13-kg projectile is passing through the origin O with a velocity Vo = (35 m/s)i when it explodes into two 
fragments A and B, of mass 5 kg and 8 kg, respectively. Knowing that 3 s later the position of fragment A is 
(90 m, 7 m, -14 m), determine the position of fragment B at the same instant. Assume a v = —g= -9.81 m/s" 
and neglect air resistance. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


863 





PROBLEM 14.16 

A 300-kg space vehicle traveling with a velocity Vo = (360 m/s)i passes through the origin O at t — 0. 
Explosive charges then separate the vehicle into three parts A, B, and C, with mass, respectively, 150 kg, 100 kg, 
and 50 kg. Knowing that at t = 4 s, the positions of parts A and B are observed to be A (1170 m, -290 m, 
-585 m) and B (1975 m, 365 m, 800 m), determine the corresponding position of part C. Neglect the effect 
of gravity. 


SOLUTION 


Motion of mass center: 


Since there is no external force, 


r = v 0 t = (360 m/s)i(4 s) = (1440 m)i 

Equation (14.12): 

mr — £m,r,: 


(300)(1440i) = (150)(1170i - 290j - 585k) 

+ (100)(1975i + 365j + 800k) 

+ (50)r c 


50r c =(300x1440-150x1170-100xl975)i 

+ (150 x 290 -100 x 365) j + (150 x 585 -100 x 800)k 


= 59, OOOi + 7, OOOj + 7,750k 


r c = (1180 m)i + (140 m)j + (155 m)k A 
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PROBLEM 14.17 

A 2-kg model rocket is launched vertically and reaches an 
altitude of 70 m with a speed of 30 m/s at the end of powered 
flight, time t- 0. As the rocket approaches its maximum altitude 
it explodes into two parts of masses m A = 0.7 kg and 
m B =1.3 kg. Part A is observed to strike the ground 80 m west 
of the launch point at t — 6 s. Determine the position of part B at 
that time. 


80 m 



SOLUTION 


Choose a planar coordinate system having coordinates x and y with the origin at the launch point on the 
ground and the x-axis pointing east and the y-axis vertically upward. 

Let subscript E refer to the point where the explosion occurs, and A and B refer to the fragments A and B. 

Let t be the time elapsed after the explosition. 

Motion of the mass center: 

x - x E + (v x )t = 0 


y = y E +(v y y 0 --gt 2 

where 

y E = 70 m and (v ) 0 = 30 m/s 

C/f 

II 

< 

x - 0 


y = 70 + (30)(6) —(9.81)(6) 2 = 73.42 m 

Definition of mass center: 

m A x = m A x A + m B x B 


0 = (0.7 kg)(—80 m) + (1.3 kg)x B 


x B = 43.1 m 


my — m A y A + m B y B 

(2 kg)(73.42 m) = (0.7 kg)(0) + (1.3 kg)y B 


y B = 113.0 m 

Position of part B: 

43.1m (east), 113.0 m (up) M 
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PROBLEM 14.18 



An 18-kg cannonball and a 12-kg cannonball are chained 
together and fired horizontally with a velocity of 165 m/s from 
the top of a 15-m wall. The chain breaks during the flight of 
the cannonballs and the 12-kg cannonball strikes the ground 
at t = 1.5 s, at a distance of 240 m from the foot of the wall, 
and 7 m to the right of the line of fire. Determine the position 
of the other cannonball at that instant. Neglect the resistance of 
the air. 


SOLUTION 

Let subscript A refer to the 12-kg cannonball and B to the 18-kg cannonball. 

The motion of the mass center of A and B is uniform in the .v-direction, uniformly accelerated with 

acceleration — g = -9.81 m/s 2 in the v-direction, and zero in the z-direction. 

x = (v 0 ) x t = (165 m/s)(1.5 s) = 247.5 m 

1 2 

y = yo + (v 0 ) y t--gt 

= 15 m + 0-^-(9.81 m/s 2 )(1.55) 2 =3.964 m 
z- 0 

r = (247.5 m)i + (3.964 m)j 

Definition of mass center: 

mr = m A r A +m B r B 

Data: m A = 12 kg, m B =18 kg, m - rn A + m B - 30 kg 

t - 1.5 s, x A = 240 m, y A = 0, z A - 7 m 

(30)(247.5i + 3.964 j) = (12)(240i + 7k) + (18)(* fl i + y B j + z B k) 

i: (30)(247.5) = (12)(240) + 18 x B x fi =253 m4 

j: (30)(3.964) = (12)(0) +18 y B y B = 6.61 m ◄ 

k: (30)(0) = (12)(7) + 18 z B z B = -4.67 m ◄ 
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PROBLEM 14.19 



Car A was traveling east at high speed when it 
collided at Point O with car B. which was traveling 
north at 45 mi/h. Car C, which was traveling west at 
60 mi/h, was 32 ft east and 10 ft north of Point O at 
the time of the collision. Because the pavement was 
wet, the driver of car C could not prevent his car from 
sliding into the other two cars, and the three cars, 
stuck together, kept sliding until they hit the utility 
pole P. Knowing that the weights of cars A, B, and C 
are, respectively, 3000 lb, 2600 lb, and 2400 lb, and 
neglecting the forces exerted on the cars by the wet 
pavement, solve the problems indicated. 

Knowing that the speed of car A was 75 mi/h and that 
the time elapsed from the first collision to the stop at 
P was 2.4 s, determine the coordinates of the utility 
pole P. 


SOLUTION 


Let t be the time elapsed since the first collision. No external forces in the xy plane act on the system 
consisting of cars A, B, and C during the impacts with one another. The mass center of the system moves at 
the velocity it had before the collision. 

Setting the origin at O, we can find the initial mass center rj",: at the moment of the first collision: 

( m A + m B + m c )(V + y o j) = m A (0) + m B (0) + m c (x c i + y c j) 

I 0 = 0.3x c = (0.3)(32) = 9.6 ft, y 0 = 0.3v c = (0.3)(10) = 3 ft 

Given velocities: 

v A = (75 mi/h)i = (110 ft/s)i, v /; = (45 mi/h)i = (66 ft/s)j, v c = (60 mi/h)i = (88 ft/s)i 
Velocity of mass center: 

( m A + m B + m c )v = m A v A + m B \ B + m c x c 

v = 0.375v A + 0.325v B + 0.3v c 
Since the collided cars hit the pole at 

Y p — x p i + Vpj 

x P i + V/.j = x 0 i + y 0 j + xt Resolve into components. 


x: x P — x 0 + 0315v A t P - 0.3 v c t P 

(1) 

y- 3V = To+ 0 -325 v B t P 

(2) 
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PROBLEM 14.19 (Continued) 


Data: 

t P = 2.4 s 


From (1), 

x P = 9.6 + (0.375X110X2.4) - (0.3)(88)(2.4) = 45.240 


From (2), 

y P - 3.0 + (0.325)(66)(2.4) - 54.480 ft 

x P = 45.2 ft 4 



» = 54.5 ft ◄ 
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PROBLEM 14.20 


Car A was traveling east at high speed when it collided at 
Point O with car 5, which was traveling north at 45 mi/h. 
Car C, which was traveling west at 60 mi/h, was 32 ft 
east and 10 ft north of Point O at the time of the 
collision. Because the pavement was wet, the driver of 
car C could not prevent his car from sliding into the 
other two cars, and the three cars, stuck together, kept 
sliding until they hit the utility pole P. Knowing that the 
weights of cars A, B, and C are, respectively, 3000 lb, 
2600 lb, and 2400 lb, and neglecting the forces exerted 
on the cars by the wet pavement, solve the problems 
indicated. Knowing that the coordinates of the utility 
pole are x P = 46 ft and y p = 59 ft, determine (a) the 
time elapsed from the first collision to the stop at P, ( b ) 
the speed of car A. 


SOLUTION 

Let t be the time elapsed since the first collision. No external forces in the xy plane act on the system 
consisting of cars A, B , and C during the impacts with one another. The mass center of the system moves at 
the velocity it had before the collision. 

Setting the origin at O, we can find the initial mass center r;,: at the moment of the first collision: 

0 m A + m B + m c )(*oi + N)j) = m A (°) + m B (°) + m c ( x c* + >’cj) 

x 0 = 03x c = (0.3)(32) = 9.6 ft, y 0 = 0.3v c = (0.3)(10) = 3 ft 

Given velocities: 

v A = v A i, \ B = (45 mi/h)i = (66 ft/s)j, v c = (60 mi/h)i = (88 ft/s)i 

Velocity of mass center: 

(m A + m B + m c )v = m A \ A + m B y b + m c \ c 

v = 0.375v A + 0.325v B + 0.3v c 
Since the collided cars hit the pole at 

r p ~ x p* + 4/J 

x P i + y P j = x 0 i + y 0 j + vt Resolve into components, 
x: x P =x 0 +0.375v A tp -03v c t P (1) 

yp = y 0 +0325v B t P (2) 
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PROBLEM 14.20 (Continued) 


Data: 

x P = 59 ft, y P = 46 ft 


(a) From (2), 

46 = 3 +(0.325X66 )t P 



t p = 2.0047 s 

t p - 2.00 s A 

( b ) From(l), 

59 = 9.6 + (0.375) v A (2.0047) - (0.3)(88)(2.0047) 



v A =136.11 ft/s 

v A - 92.8 mi/h A 
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PROBLEM 14.21 

An expert archer demonstrates his ability by hitting tennis balls thrown by an assistant. A 2-oz tennis ball has 
a velocity of (32 ft/s)i - (7 ft/s)j and is 33 ft above the ground when it is hit by a 1.2-oz arrow traveling with a 
velocity of (165 ft/s)j + (230 ft/s)k where j is directed upwards. Determine the position P where the ball and 
arrow will hit the ground, relative to Point O located directly under the point of impact. 


SOLUTION 

Assume that the ball and arrow move together after the hit. 
Conservation of momentum of ball and arrow during the hit 

2/16 


l J^_ = 2.3292xl0~ 3 slug 
32.2 


32.2 


3.8820x10 slug 


m A y a + OT «v« = (m A +m H )\ 

(2.3292xl0~ 3 )(165j + 230k) + (3.8820xl0 _3 )(32i -7j) = (2.3292 xl0~ 3 +3.8820xl0~ 3 )v 


v = (20.0 ft/s)i + (57.5 ft/s)j + (86.25 ft/s)k 


After the hit, the ball and arrow move as a projectile. 
Vertical motion: 


, . 1 2 

y = y 0 + {v y ) 0 t--gt 

y = 33 + 57.5t-^-(32.2)f 2 


y — 0 at ground. 
-16.1r 2 +57.5r + 33 = 0 

After rejecting the negative root, t = 4.0745 s 

Horizontal motion : x = x 0 + (v x ) 0 t 

z = z 0 + (v 2 ) 0 t 
x = 0 + (20)(4.07448) 

= 81.490 ft 

z = 0 +(86.25)(4.07448) 
= 351.42 ft 


Solve for t. 


r„ = (81.5 ft)i +(351 ft)k ◄ 
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PROBLEM 14.22 

Two spheres, each of mass m, can slide freely on a frictionless, 
horizontal surface. Sphere A is moving at a speed v 0 = 16 ft/s when it 
strikes sphere B which is at rest and the impact causes sphere B to 
break into two pieces, each of mass ml 2. Knowing that 0.7 s after the 
collision one piece reaches Point C and 0.9 s after the collision the 
other piece reaches Point D. determine (a) the velocity of sphere A after 
the collision, ( b ) the angle 0 and the speeds of the two pieces after the 
collision. 


SOLUTION 


Velocities of pieces C and D after impact and fracture. 

(v r ) x = = — = 9 ft/s, (v') v = 9 tan 30° ft/s 

C x t c 0.7 C y 

(v' n ) = — = = 1 ft/s, (v'„) t = -7tan#ft/s 

Dx t D 0.9 D y 

Assume that during the impact the impulse between spheres A and B is directed along the x-axis. Then, the 
y component of momentum of sphere A is conserved. 

0 = m(v' A ) y 


Conservation of momentum of system: 


(a) 


(b) 


m A v o + m B ( 0) = m A v' A + m c (y' c ) x + m D (v D ) x 

Tfl 111 

m( 16) + 0 = mv' A + — (9) + ^(7) 

\' A = 8.00 ft/s—*- ◄ 

+ |: m A (0) + m B ( 0) = m A (v' A ) y + m c (v' c ) y + m D (v' D ) y 

0 + 0 = 0 + —(9 tan 30°) - —(7 tan 0) 

2 2 

tan# = —tan30° = 0.7423 6 = 36.6° ◄ 

7 

v c = ^(v c ); + (v c ); = V(9) 2 +(9tan30°) 2 v c = 10.39 ft/s ◄ 

v'n = J(y D ) 2 x + ( v D f y = -\/(7) 2 + (7 tan 36.6°) 2 v D = 8.72 ft/s ◄ 
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\30° 
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PROBLEM 14.23 

In a game of pool, ball A is moving with a velocity Vo when it strikes 
balls B and C which are at rest and aligned as shown. Knowing that 
after the collision the three balls move in the directions indicated, and 
that v 0 =12 ft/s and v c = 6.29 ft/s, determine the magnitude of the 
velocity of (a) ball A, ( b ) ball B. 
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PROBLEM 14.24 

A 6-kg shell moving with a velocity 
Vo = (12 m/s)i - (9 m/s)j - (360 m/s)k explodes 
at Point D into three fragments A, B, and C of 
mass, respectively, 3 kg, 2 kg, and 1 kg. 
Knowing that the fragments hit the vertical 
wall at the points indicated, determine the 
speed of each fragment immediately after the 
explosion. Assume that elevation changes due 
to gravity may be neglected. 


SOLUTION 


Position vectors (m): 

ii 

l 

Ul 

v d ~ 4k 

t a/d — _ 1 -5i — 4k — 4.272 


r B = 4i + 2 j 

t bid - 4i + 2 j - 4k r BID — 6 


r c =- 3 J 

t cid ~ ~ 3j - 4k r c/D — 5 

Unit vectors: 

Along r^, 

k. = —-—(—1.5i — 4k) 

A 4.272 


Along r B/D , 

k B -~(4i + 2j-4k) 

6 


Along r CID , 

*. c =j(-3j-4k) 


Assume that elevation changes due to gravity may be neglected. Then, the velocity vectors after the explosion 
have the directions of the unit vectors. 


V A — HAa 

V B =Vgkg 
Y c — V c k c 


Conservation of momentum: 


mv 0 = m A \ A + m B \ B + m c \ c 


6(12i - 9j - 360k) = 3 


4.272 


(-1.5i-4k) + 2 


4- (4i + 2j-4k) 


A 


+ 1 


(—3j - 4k) 


V J 
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PROBLEM 14.24 (Continued) 


Resolve into components. 

72 = -1.0534v x + 1.3333v b 
-54 = 0.66667 v B - 0.60000v c 
-2160 = -2.8090v x -1.3333 v b -0.80000v c 


Solving, 


v A = 431 m/s A 



v B = 395 m/s A 



v c = 528 m/s A 
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PROBLEM 14.25 

A 6-kg shell moving with a velocity 
Vo = (12 m/s)i - (9 m/s)j - (360 m/s)k explodes 
at Point D into three fragments A, B, and C of 
mass, respectively, 2 kg, 1 kg, and 3 kg. 
Knowing that the fragments hit the vertical 
wall at the points indicated, determine the 
speed of each fragment immediately after the 
explosion. Assume that elevation changes due 
to gravity may be neglected. 


SOLUTION 

Position vectors (m): 


t d ~ 4k 


Unit vectors: 


t a =-l-5i 

r AiD ~ 1 -5i - 4k — 4.272 

r B = 4i + 2 j 

v b/d ~ 4i + 2 j — 4k r B/D = 6 

CO 

1 

II 

r c/D ~ ~ 3j - 4k r c/D = 5 

Along r^. 

1 ( 1.5i 4k) 

A 4.272 

Along r B/D , 

k B =i(4i + 2j-4k) 

6 

Along r CID , 

*. c =j("3j-4k) 


Assume that elevation changes due to gravity may be neglected. Then the velocity vectors after the explosion 
have the directions of the unit vectors. 

V A = V Aa 
y B ~ V B^B 

v c = v c X c 

m\ 0 = m A y A + m B \ B + m c \ c 


Conservation of momentum: 
Resolve into components. 


6(12i - 9j - 360k) = 2 


4.272 

, A 


(-1.5i-4k) + l 


-jr |(4i + 2j-4k) 
6 


+ 3 


(3j — 4k) 
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PROBLEM 14.26 


In a scattering experiment, an alpha particle A is projected with 
the velocity u 0 = -(600 m/s)i + (750 m/s)j - (800 m/s)k into a 
stream of oxygen nuclei moving with a common velocity 
^ V(, = (600 m/s) j. After colliding successively with nuclei B and 

C, particle A is observed to move along the path defined by the 
Points A,(280, 240, 120)and A 2 (360, 320, 160), while nuclei B 
and C are observed to move along paths defined, respectively, 
by 5,(147, 220, 130), 5 2 (114, 290, 120),and by Cj(240, 232, 90) 
— and C 2 (240, 280, 75). All paths are along straight lines and all 
' coordinates are expressed in millimeters. Knowing that the mass 
of an oxygen nucleus is four times that of an alpha particle, 
determine the speed of each of the three particles after the 
collisions. 


SOLUTION 

Position vectors (mm): A, A 2 = 80i + 80j + 40k (A, A 2 ) = 120 

44 =-33i + 70j-10k (5,5,) = 78.032 

=48j-15k (CjC 2 ) = 50.289 

Unit vectors: Along A,A, , X A = 0.66667i + 0.66667j + 0.33333k 

Along 5,5,, 4 = -0.42290i + 0.89707j - 0. 1 28 1 5k 

Along CjC 2 , 4 = 0.95448j - 0.29828k 

Velocity vectors after the collisions: 

v A — V’, X A 

v B — v b A b 
v c = v c X c 

Conservation of momentum: 

mu 0 + 4mv 0 + 4mv 0 = m\ A + 4 m\ B + 4 m\ c 

Divide by m and substitute data. 

(—600i + 750j - 800k) + 2400j + 2400j = v A X A + 4v B X B + 4v c A c 
Resolving into components, 

i: -600 = 0.66667v a - 1.69160v B 
j: 5550 = 0.66667v A + 3.58828v B + 3.81792v c 
k: -800 = 0.33333 v a -0.51260v b -1.19312v c 
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PROBLEM 14.26 (Continued) 

Solving the three equations simultaneously, 

v A =919.26 m/s 
v B =716.98 m/s 
v c =619.30 m/s 

v A =919 m/s 4 
v B - 111 m/s M 
v c = 619 m/s 4 
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PROBLEM 14.27 

Derive the relation 

H 0 = r xmv + H G 

between the angular momenta H 0 and H G defined in Eqs. (14.7) and (14.24), respectively. The vectors r 
and v define, respectively, the position and velocity of the mass center G of the system of particles relative to 
the newtonian frame of reference Oxyz, and m represents the total mass of the system. 


SOLUTION 


From Eq. (14.7), 

n 

i=l 


n 

=Z[( F+r 0 xm ' v '] 

1=1 


n n 

= F X Yj K' v « ) + X ( r ' X m i y i ) 

|=1 |=1 


= r x m\ + H g 
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PROBLEM 14.28 

Show that Eq. (14.23) may be derived directly from Eq. (14.11) by substituting for H 0 the expression given 
in Problem 14.27. 


SOLUTION 


From Eq. (14.7), 


Differentiating, 
Using Eq. (14.11), 


*o=2<rw,) 

i =1 
n 

=X[( F+r ' , ) xm ‘ v '] 


1=1 

n n 

= (mg v,-) + Yj ( r'x m, v,) 

1=1 1=1 

= rxmv + H r 


H 0 =rx my + r x my + H c 


XM 0 = rx my + r x my + H c 


= vx my + r x ma + 


= 0 + r x 


Zr +h c 


V i =1 


But 

Subtracting rx(l" =1 /?.) 


A n A 




1=1 


1=1 


1=1 v i=l / 


from each side of Eq. (1) gives 


XM C =H C 


(1) 
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PROBLEM 14.29 

Consider the frame of reference Ax'yz in translation with respect to 
the newtonian frame of reference Oxyz. We define the angular momentum 
H A of a system of n particles about A as the sum 



H a=2X XW ‘ V * (1) 

1=1 

of the moments about A of the momenta m, v- of the particles in their 
motion relative to the frame Ax'yz ■ Denoting by H , the sum 

H 1 = X r ' x '«, v , (2) 

1=1 

of the moments about A of the momenta m, v ; of the particles in their 
motion relative to the newtonian frame Oxyz, show that H A = H A at a 
given instant if, and only if, one of the following conditions is satisfied 
at that instant: (a) A has zero velocity with respect to the frame Oxyz, 
( b ) A coincides with the mass center G of the system, (c) the velocity \ A 
relative to Oxyz is directed along the line AG. 


SOLUTION 

V; = V A + v' 

n 

= Z r ' x/ "' v ' 

1=1 

n 

= ^r'x77i ; .(v A + v') 

i= 1 

n n 

- X ( r / x m i y A H&'x 771,. V,. 
i= 1 1=1 

= Z( m / r /) XV A +H A 
1=1 
n 

= Z" 7 / (r ' _r A^ XV A +H A 
*= 1 

= /7i(r - r A ) x v A + H a 

H a = H a if, and only if, m(r - r A ) x v A = 0 

This condition is satisfied if 

(a) v, = 0 Point A has zero velocity, 

or ( b) F = r . Point A coincides with the mass center, 

or (c) v A is parallel to r - r A . Velocity v A is directed along line AG. 
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PROBLEM 14.30 

Show that the relation EM A = H A , where H A is defined by Eq. (1) of 
Problem 14.29 and where EM A represents the sum of the moments about A 
of the external forces acting on the system of particles, is valid if, and 
only if, one of the following conditions is satisfied: (a) the frame Ax'y'z 
is itself a newtonian frame of reference, ( b) A coincides with the mass 
center G, (c) the acceleration a A of A relative to Oxyz is directed along 
the line AG. 


SOLUTION 


From equation (1), 

Hi =^( r 'xm i v') 

1=1 


K =X [ ( r ;- r A )x, «;(^- v A )] 

i —1 

Differentiate with respect to time. 

n n 

= Y~ r * )xm < ( v <' ” v a)] + Z [(r < ~ r A )xm <^‘ ~ ^ )] 

i=l 1=1 

But 

r ; = v,. 


v,. = a, 


s? 

II 

■(? 

and 

a 

II 

■s? 

Hence, 

n 

H', = 0 + ^ [(r ; - r A ) x m, ta, - a A )] 

1=1 


n 

= Z [ ( r / - r A) x (F/ - "*,a A )] 

1=1 


n n 

= Yj [(r '- - r A ) X F / ] - Z “ r A x a A 

1=1 1=1 


= M a -m(r-r A )xa A 

H a = M a if, and only if, m{ r - r A ) x a A =0 

This condition is satisfied if 


o 

II 

G? 

The frame is newtonian. 

or ( b ) r = r A 

Point A coincides with the mass center. 

or (c) a A is parallel to r - r A 

Acceleration a A is directed along line AG. 
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PROBLEM 14.31 


Determine the energy lost due to friction and the impacts for 
Problem 14.1. 

PROBLEM 14.1 A 30-g bullet is fired with a horizontal 
velocity of 450 m/s and becomes embedded in block B which 
has a mass of 3 kg. After the impact, block B slides on 30-kg 
carrier C until it impacts the end of the carrier. Knowing the 
impact between B and C is perfectly plastic and the coefficient 
of kinetic friction between B and C is 0.2, determine (a) the 
velocity of the bullet and B after the first impact, ( b ) the final 
velocity of the carrier. 


SOLUTION 

From the solution to Problem 4.1 the velocity of A and B after the first impact is v' = 4.4554 m/s and the 
velocity common to A, B, and C after the sliding of block B and bullet A relative to the carrier C has ceased in 
v' = 0.4087 m/s. 

Friction loss due to sliding: 

Normal force: N — W A +W B — (m A +m B )g 

= (0.030 kg + 3 kg)(9.81 m/s) = 29.724 N 

Friction force: F f = /u k N = (0.2)(29.724) = 5.945 N 

Relative sliding distance: Assume d = 0.5 m. 

Energy loss due to friction: F f d = (5.945)(0.5) F f d = 2.97 J A 

Kinetic energy of block with embedded bullet immediately after first impact: 

t ab = \( fn A + m B )(v') 2 = ^(3.03 kg)(4.4554 m/s) 2 = 30.07 J 

Final kinetic energy of A, B, and C together 

T'abc = + m B + m c )0') 2 = ^(33.03 kg)(0.4087 m/s) 2 = 2.76 J 

Loss due to friction and stopping impact: T' ab - T ABC = 30.07 - 2.76 = 27.31 J 

Since 27.31 J > 2.97 J, the block slides 0.5 m relative to the carrier as assumed above. 
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PROBLEM 14.31 (Continued) 


Impact loss due to AB impacting the carrier: 


27.31-2.97 = 24.34 

Loss = 24.3 J A 

Initial kinetic energy of system ABC. 


T 0 = ~m A VQ = 2-(0.030 kg)(450 m/s) 2 = 3037.5 J 


Impact loss at first impact: 


T 0 -T' ab =3037.5-30.07 

Loss = 3007 J ◄ 
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PRDRIPM1/139 

500 m/s ^ 

Lri 

^3 kg J 

^ J l 

1 ^ * 

w 

2.5 kg 

In Problem 14.4, determine the energy lost as the bullet (a) passes 
through block A, ( b ) becomes embedded in block B. 

1 


SOLUTION 

The masses are m for the bullet and m A and m B for the blocks. 

The bullet passes through block A and embeds in block B. Momentum is conserved. 
Initial momentum: wv 0 + m A (0) + m B (0) = mv Q 

Final momentum: 

Equating, 


mv B + m A v A + m B v B 


mv 0 = mv B +m A v A + m B v B 

m A v A + m B v B (6)(5) + (4.95)(9) 


HI A V a 

m — A A 


•'O V B 


1500-9 


= 0.0500 lb 


The bullet passes through block A. Momentum is conserved. 


Initial momentum: 
Final momentum: 
Equating, 


fflv 0 + m A (0) = mv 0 
mv l + m A v A 


v _ mv 0 - m A v A _ (0.0500)(1500) - (6)(5) _ ^ ft/g 


0.0500 


The masses are: 


m, = - 


(a) 


0.05 
32.2 
6 

32.2 

4.95 

m R = - 

32.2 

Bullet passes through block A. Kinetic energies: 
Before: 


: 1.5528xl0~ 3 lb • s~/ft 


= 0.18633 lb -s7ft 


= 0.153727 lb • s"/ft 


J 0 = imv 0 2 = i(1.5528xl0 _3 )(1500) 2 = 1746.9 ft • lb 


( b ) 


After: T, =-mvf +-m A v 2 A =-(1.5528xl0 _3 )(900) 2 +-(0.18633)(5) 2 = 631.2 ft ■ lb 
2 2 2 2 

Lost: r 0 - 7; = 1746.9 - 631.2 = 1115.7 ft • lb 

Bullet becomes embedded in block B. Kinetic energies: 

Before: 


energy lost = 1116 ft ■ lb ^ 


T 2 =^mv, = ^(1.5528 x 1 CT 3 )(900) 2 = 628.9 ft ■ lb 


After: 

Lost: 


r 3 = i(m + m B )v B = ^(0.15528)(9) 2 = 6.29 ft • lb 


T 2 - T 3 = 628.9 - 6.29 = 622.6 ft • lb 


energy lost = 623 ft • lb A 
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PROBLEM 14.33 (Continued) 


Kinetic energy before dive: 

1 300 + 180 2 

1 2 32.2 



= 76.323 ft-lb 


Kinetic energy after dive: 

r 2 '= 1 300 (9.20) 2 + 1 180 (6.80) 2 

2 2 32.2 2 32.2 



= 523.53 ft lb 


Work of man: 

7;" - 7;'= 447.2 ft-lb 

T'- T{ =447 ft-lb ◄ 
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PROBLEM 14.34 

Determine the energy lost as a result of the series of collisions described in Problem 14.8. 

PROBLEM 14.8 Packages in an automobile parts supply house are transported to the loading dock by 
pushing them along on a roller track with very little friction. At the instant shown, packages B and C are at 
rest and package A has a velocity of 2 m/s. Knowing that the coefficient of restitution between the packages is 
0.3, determine (a) the velocity of package C after A hits B and B hits C, (b) the velocity of A after it hits B for 
the second time. 
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PROBLEM 14.35 


Two automobiles A and B, of mass m A and m B , respectively, are traveling in opposite directions when they 
collide head on. The impact is assumed perfectly plastic, and it is further assumed that the energy absorbed by 
each automobile is equal to its loss of kinetic energy with respect to a moving frame of reference attached to 
the mass center of the two-vehicle system. Denoting by E A and E B , respectively, the energy absorbed by 
automobile A and by automobile B. (a) show that E A /E B = m B /m A , that is, the amount of energy absorbed by 
each vehicle is inversely proportional to its mass, ( b ) compute E A and E B , knowing that m A = 1600 kg and 
m B = 900 kg and that the speeds of A and B are, respectively, 90 km/h and 60 km/h. 
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PROBLEM 14.36 


It is assumed that each of the two automobiles involved in the collision described in Problem 14.35 had been 
designed to safely withstand a test in which it crashed into a solid, immovable wall at the speed v 0 . The 
severity of the collision of Problem 14.35 may then be measured for each vehicle by the ratio of the energy it 
absorbed in the collision to the energy it absorbed in the test. On that basis, show that the collision described 
in Problem 14.35 is ( m A /m B ) 2 times more severe for automobile B than for automobile A. 
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PROBLEM 14.37 


Solve Sample Problem 14.4, assuming that cart A is given an initial horizontal velocity Vo while ball B is at rest. 
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PROBLEM 14.38 

Two hemispheres are held together by a cord which maintains a spring under 
compression (the spring is not attached to the hemispheres). The potential 
energy of the compressed spring is 120 J and the assembly has an initial 
velocity v 0 of magnitude v 0 = 8 m/s. Knowing that the cord is severed when 
0 — 30°, causing the hemispheres to fly apart, determine the resulting 
velocity of each hemisphere. 


SOLUTION 

Use a frame of reference moving with the mass center. 
Conservation of momentum: 

0 = -m A v A +m B v B 


Conservation of energy: 


Data: 


Velocities of A and B. 


3 <r 
Jl 



m. 


V = ^m A ( v A) 2 +^m B (v' B ) 2 


1 

: ~ m A 
2 A 


m 


b ' 


. 1 / / \2 
+ -'«b(Tb) 


m B (m A + m B ), , , 2 

n, U'/f ) 


v H = 


2 m A V 


m B (m A +m H ) 
m A = 2.5 kg m B - 1.5 kg 
V = 120 J 







v„= (2)(2 ~ 5)(120) =10 v' B =10 m/s ^30° 
' (1.5X4.0) 


v^=— (10) = 6 
A 2.5 


v' A = 6 m/s2^30° 


\ A - [8 m/s —*- ] + [6 m/s 2^ 30°] 
\ B = [8 m/s—*] + [10m/s^T30°] 


v A =4.11 m/s 46.9° ◄ 
v B =17.39 m/s 16.7° ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


893 






B 

PROBLEM 14.39 


A 15-lb block B starts from rest and slides on the 25-lb wedge A, which is 


-<30° 

supported by a horizontal surface. Neglecting friction, determine ( a ) the 

— 

A 

velocity of B relative to A after it has slid 3 ft down the inclined surface of 



the wedge, ( b ) the corresponding velocity of A. 
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60 1!) 

PROBLEM 14.40 

_ V 

• 

A 40-lb block B is suspended from a 6-ft cord attached to a 60-lb cart A, 


which may roll freely on a frictionless, horizontal track. If the system is 



released from rest in the position shown, determine the velocities of A 

11 *40 lb 

and B as B passes directly under A. 


SOLUTION 

Conservation of linear momentum: 
Since block and cart are initially at rest, 

Thus, as B passes under A, 


^ f-J W 


L 0 = o 


L = m A \ A + m B y B = 0 


'* -A 


BB 


^6% 


-±- m A V A + m B V B = 0 


(1) 


Conservation of energy: 
Initially, 


As B passes under A, 


r o =° 

V Q =m B gl{\-cos 6) 

„ 1 2 1 2 
T = ~ m A' r A + ^ 

V = 0 



Thus, 

Substituting for v A from (1) and multiplying by 2: 

2m H gl(\ - cos 6) = m A 


1 


To + v o = T + V: m B gl( 1 - cos 6») = - m A v A + ^ 


f ,„2 ^ 

2 V B 


+ w« v « 


f 2 

m B 

\™A 


+ m,, 


Vo — m, 


m B + m A 2 


m. 


2m A 


Vo = 


-gl( 1-cos #) 


(2) 
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c 

B 

^v° o 


A . 


J- 



At 


7 










30°\v, ( 



PROBLEM 14.41 

In a game of pool, ball A is moving with a velocity v 0 of magnitude 
Vo = 15 ft/s when it strikes balls B and C, which are at rest and aligned 
as shown. Knowing that after the collision the three balls move in the 
directions indicated and assuming frictionless surfaces and perfectly 
elastic impact (i.e., conservation of energy), determine the magnitudes 
of the velocities \ A , \ B , and v c . 


SOLUTION 


Velocity vectors: v 0 = v 0 (cos45°i + sin45°j) v 0 = 15 ft/s 

Vt = vj 

\ B - v B (sin30°i -cos30°j) 
v c = v c (cos 30°i + sin 30° j) 

Conservation of momentum: 


my Q = m\ A + m\ B + mv c 
Divide by m and resolve into components. 

i: v 0 cos 45° = v B sin 30° + v c cos 30° 
j: v 0 sin 45° = v A - v B cos 30° + v c sin 30° 


Solving for v B and v c . 


Conservation of energy: 


v B = -0.25882v 0 + 0.86603v A 
v c = 0.96593v 0 - 0.5v' A 


1 2I ol 2I 2 

— mv 0 — — mv A + —mv B + — mv c 


Divide by and substitute for v B and v c . 

v 2 = v 2 + (-0.25882 v 0 +0.86603v A ) 2 
+ (0.96593 v 0 -0.5vj 2 
= 2v^ + Vq -1.41422 v 0 v' A 

v A = 0.707 llv 0 = 10.61 ft/s 
v B = 0.35355 v 0 = 5.30 ft/s 
v c = 0.61237 v 0 = 9.19 ft/s 


v A = 10.61 ft/s A 
v B = 5.30 ft/s 4 
v c =9.19 ft/s ◄ 
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c; \ 45° 

/J 1 / A 

A 


.5(1 \ "' 1 

7 




j_ 


PROBLEM 14.42 

In a game of pool, ball A is moving with a velocity v 0 of magnitude 
Vo = 15 ft/s when it strikes balls B and C, which are at rest and aligned 
as shown. Knowing that after the collision the three balls move in the 
directions indicated and assuming frictionless surfaces and perfectly 
elastic impact (i.e., conservation of energy), determine the magnitudes 
of the velocities \ A , \ B , and v c . 


SOLUTION 



Velocity vectors: 

v 0 = v 0 (cos 30° i + sin 30° j) v 0 =15 ft/s 

= kd 

v B = v B (sin 45°i - cos 45° j) 
v c = v c (cos 45° i + sin 45° j) 


Conservation of momentum: 

m\ 0 = m\ A + m\ B + m\ c 


Divide by m and resolve into components. 


i: 

v 0 cos 30° = v B sin 45° + v c cos 45° 


j: 

v 0 sin30° = y 4 —v B cos45° + v c sin45° 


Solving for v B and v c , 

v B = 0.25882v 0 + 0.7071 lv A 
v c = 0.96593v 0 - 0.70711v A 


Conservation of energy: 

I 9 I 2 I 2 I 2 

—mvr, — —mv, H — mv R H—mvy, 
2 u 2 A 2 fi 2 c 


Divide by m and substitute for 

v B and v c . 



v 0 2 = v 2 + (0.25882v 0 + 0.7071 lv A ) 2 



+ (0.96593v 0 - 0.7071 lv A ) 2 

— v 0 - V 0 V A + 2 ^a 



v A = 0.5v 0 = 7.500 ft/s 

v A - 7.50 ft/s A 


v B =0.61237v 0 = 9.1856 ft/s 

v B =9.19 ft/s ◄ 


v c =0.61237v 0 =9.1856 ft/s 

v c =9.19 ft/s ◄ 
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PROBLEM 14.43 

Three spheres, each of mass m, can slide freely on a frictionless, horizontal 
surface. Spheres A and B are attached to an inextensible, inelastic cord of 
length / and are at rest in the position shown when sphere B is struck squarely 
by sphere C, which is moving to the right with a velocity v 0 . Knowing that the 
cord is slack when sphere B is struck by sphere C and assuming perfectly 
elastic impact between B and C, determine (a) the velocity of each sphere 
immediately after the cord becomes taut, ( b ) the fraction of the initial kinetic 
energy of the system which is dissipated when the cord becomes taut. 


SOLUTION 




(a) Determination of velocities. 

O 3 

c 

6- 

Impact of C and B. 

o o 

=/ 0^ 

Conservation of momentum: 

■mv 

-o 

■yn 

■yn V' 

hiv 0 = m\ c +m\ 1 




v c + Vl = v 0 



(1) 

Conservation of energy (perfectly elastic impact): 




1 2 1 2 1 2 

— tnv 0 = — mv c + — mv 1 

2.2 2 

V C +V 1 — V 0 


(2) 

Square Eq. (1): + 2v c Vj + vj 2 = Vq 




Subtract Eq. (2): 2v c v 1 = 0 




Vj = 0 corresponds to initial conditions and should be eliminated. Therefore, 


v c =0 ◄ 




FromEq. (1): Vj=v 0 


r= 


Cord AB becomes taut: 


i i 

MV 

A 


< 

J ^0 

1 

Because cord is inextensible, component of y b along AB must be equal to v 4 . 



Conservation of momentum: 




rav 0 = 2 my A + my BIA 




+| y comp: 0 = 2mv A sin 60° - 

mv B/ A sin 30° 



v B/ A = 2^3 v a 



(3) 

x comp: mv 0 — 2mv A cos 60° + mv B/A cos 30° 
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PROBLEM 14.44 

In a game of pool, ball A is moving with the velocity v 0 = v 0 i 
when it strikes balls B and C, which are at rest side by side. 
Assuming frictionless surfaces and perfectly elastic impact (i.e., 
conservation of energy), determine the final velocity of each 
ball, assuming that the path of A is (a) perfectly centered and 
that A strikes B and C simultaneously, ( b ) not perfectly centered 
and that A strikes B slightly before it strikes C. 
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v o 

> 

PROBLEM 14.45 




Two small spheres A and B, of mass 2.5 kg and 1 kg, respectively, are connected by a 
rigid rod of negligible weight. The two spheres are resting on a horizontal, 


0.2 m 

frictionless surface when A is suddenly given the velocity v 0 = (3.5 m/s)i. Determine 




( a ) the linear momentum of the system and its angular momentum about its mass 

B , 

\ ’ 

L 

center G, (b) the velocities of A and B after the rod AB has rotated through 180°. 


SOLUTION 

Position of mass center: 


y = X— = 23(01+ ‘ (a2) = 0.057143 m 


(a) Linear and angular momentum: 


2.5 + 1 


L = m A v 0 = 2.5 kg(3.5 m/s)i = (8.75 kg • m/s)i 


L = (8.75 kg • m/s)i A 


H c = GAxm A \ 0 = (0.05714285 m)jx(8.75 kg • m/s)i 


= -(0.50000 kg • nr/s)k 


(b) Velocities of A and B after 180° rotation 
Conservation of linear momentum: 


H c = -(0.500 kg • m 2 /s)k ◄ 


m A V 0 = m A V A + m B V B 

(2.5)(3.5) = (2.5)v^ + (1.0)Vg 


2.55v-; + v; =8.75 



■9f 
4 ’ 


(i) 


Conservation of angular momentum about G'\ 


+ ): r A m A v 0 = ~r A m A v A + r B m B v B 


r B = 0.20 — r A = 0.14286 m 


(0.057143)(2.5)(3.5) = -(0.057143)(2.5)v^ +(0.14286)(1.0)vi 
o i zmr, 

Dividing by 0.057143: 


^ c / , 0.14286 , 0 ^ 

-2.5v, H-v R =8.75 

71 r\c^i 1/10 0 


Add Eqs. (1) and (2): 
From Eq. (1): 


0.057143 
3.5^ = 17.5 v R =+5.00 m/s 
2.5v^ + (5) = 8.75 v A =+1.50 m/s 


(2) 


= (1.50 m/s)i; v^ = (5.00 m/s)i A 
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PROBLEM 14.46 

A 900-lb space vehicle traveling with a velocity v 0 =(1500 ft/s) k passes through the origin O. Explosive 
charges then separate the vehicle into three parts A, B, and C, with masses of 150 lb, 300 lb, and 450 lb, 
respectively. Knowing that shortly thereafter the positions of the three parts are, respectively, A( 250, 250, 2250), 
B (600, 1300, 3200), and C (-475, -950, 1900), where the coordinates are expressed in ft, that the velocity of B 
is \ B =(500 ft/s)i + (1100 ft/s)j + (2100 ft/s)k, and that the x component of the velocity of C is -400 ft/s, 
determine the velocity of part A. 


SOLUTION 


Position vectors (ft): r A = 250i + 250j + 2250k 

r B =600i + 1300j + 3200k 
r c =-475i-950j + 1900 k 

Since there are no external forces, linear momentum is conserved. 
(m A + m B + m c )v 0 = m A \ A + m B \ B + m c \ c 


m.+m R +m r m K 

v =_4_2_Lv_ 2-x —. 

M v 0 y B 

m. m. 


l c „ _ 


Vr = 6v n - 2v„ - 3V, 


m. 


c 


= (6)(1500k) - (2)(500i +1100j + 2100k) - (3)[-400i + (v c ) v j + (v c ) z k] 


= -3(v c ) y j - 3(v c ),k + 200i - 2200j + 4800k 


(v A ) x - 200, (v c ) v = -3(v c ), - 2200, (v A ) z = -3(v c ) z + 4800 
Conservation of angular momentum about O: 

(H g ) 2 = (H 0 )[ 

Since the vehicle passes through the origin, (H 0 ), = 0. 

(H 0 ) 2 = Ti x ( m A v A) + r B x 0n B y B ) + r c x( m c \ c ) = 0 


Divide by m A . 


(1) 


,n R rn r _ 

h x h + — r jXYj +- r c x v c = r A x y A + 2r B x y B + 3r c x v c 

TTl TVL 

= r A X(6v 0 - 2v b - 3v c ) + 2r B x y b + 3r c x v c 
= 3(r c - r A )x v c + 6r A x v 0 + 2(r 8 -r 4 )xv 8 
= (-2175i-3600j -1050k) xv c + (1500i + 1500j + 13500k) xv 0 
+ (700i + 2100j +1900k) xv B =0 
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c: 0~r 


PROBLEM 14.47 


3 ft 




3ft 


0 


Four small disks A, B, C, and D can slide freely on a frictionless horizontal 
surface. Disks B, C, and D are connected by light rods and are at rest in the 
position shown when disk B is struck squarely by disk A, which is moving 
to the right with a velocity v 0 = (38.5 ft/s)i. The weights of the disks are 
W A — W B — W c = 15 lb, and W D — 30 lb. Knowing that the velocities of 
the disks immediately after the impact are \ A = v B — (8.25 ft/s)i, v c = v c i, 
and v D = v D i, determine (a) the speeds v c and v D , (b) the fraction of the 
initial kinetic energy of the system which is dissipated during the collision. 


SOLUTION 


There are no external forces. Momentum is conserved. 


0 

O—0 ~ 


a 




CO — 


(a) Moments about D +j: 


6 o ^ 

3 m A v 0 = 6m c v c + 3 (m A + m B )v B 


3m 


A v n - 3( ' Ua + m,l) v B = (0.5X38.5) - (8.25) = 11 


v c — y 0 

6 m c 6m c 

Moments about C +") : 

_3 m A v 0 3 (m A +m B ) _ 

V D ~ r r V B ~ 

0/72 0 / 7 ?£) 

( b ) Initial kinetic energy: 


3m A v 0 = 3(m A + m B )v B + 6m D v D 


(0.25X38.5) - (0.5)(8.25) = 5.5 ft/s 


Final kinetic energy: 


T 2 = — 
- 2 


T, = ——Vn = (38.5) 2 = 345.24 ft-lb 

1 2 g 0 2 32.2 


1 W A + lT /; o ^ 1 W c , ^ 1 


~ V B + w V c + - 


1 30 


2 g 

1 15 


2 g 


1 30 


2 32.2 


Energy lost: 


(8.25) 2 +-(11.00) 2 +—^—(5.50) 2 = 73.98 ft lb 

2 32.2 2 32.2 

345.24-73.98 = 271.26 ft lb 


v c = 11.00 ft/s A 


v D = 5.50 ft/s 4 


„ . r , 271.26 _ 

Fraction of energy lost =-= 0.786 

345.24 


^= o.786 ◄ 
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PROBLEM 14.48 



In the scattering experiment of Problem 14.26, it is known that 
the alpha particle is projected from A 0 (300, 0,300) and that it 
collides with the oxygen nucleus C at < 2 ( 240 ,200,100), where 
all coordinates are expressed in millimeters. Determine the 
coordinates of Point B 0 where the original path of nucleus B 
intersects the zx plane. {Hint: Express that the angular momentum 
of the three particles about Q is conserved.) 

PROBLEM 14.26 In a scattering experiment, an alpha particle A 
is projected with the velocity u 0 = -(600 m/s)i + (750 m/s) j - 
(800 m/s)k into a stream of oxygen nuclei moving with a 
common velocity v 0 = (600 m/s) j. After colliding successively 
with nuclei B and C, particle A is observed to move along the path 
defined by the Points A , (280, 240,120) and A 2 (360, 320, 160), 
while nuclei B and C are observed to move along paths defined, 
respectively, by B x (147,220,130), B 2 (114, 290,120), and by 
Cj(240, 232,90) and C 2 (240, 280, 75). All paths are along 
straight lines and all coordinates are expressed in millimeters. 
Knowing that the mass of an oxygen nucleus is four times that 
of an alpha particle, determine the speed of each of the three 
particles after the collisions. 


SOLUTION 

Conservation of angular momentum about Q: 

QA 0 x (mu 0 ) + QB 0 x (4mv 0 ) + QC 0 x (4w7V 0 ) = QA X x (m \ A ) + QB X x (4mv ft ) + gCj x (4 m\ c ) 
QA 0 x(mu 0 ) + QB 0 x(4mY 0 ) + 0 = 0 + QB l x(4mv B ) + 0 (1) 

where QA q = r 4 - r Q = (300i + 300 k) - (240 i + 200j +100 k) 

= (60 mm)i - (200 mm) j + (200 mm)k 
- (Ax)i + (Ay)j + (Az)k 

QB X =r Bi —r Q = (147i + 220j + 130k) - (240i + 200j + 100k) 

- (93 mm)i + (20 mm)j + (30 mm)k 
u 0 = -(600 m/s)i + (750 m/s)j - (800 m/s)k v 0 = (600 m/s)j 

and from the solution to Problem 14.26, 

y b = v B X B =(716.98)(-0.42290i + 0.89707j-0.12815k) 

= -(303.21 m/s)i + (643.18 m/s) j - (91.88 m/s)k 
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PROBLEM 14.48 (Continued) 


Calculating each term and dividing by m, 

i j k 

QA 0 x u 0 60 -200 200 = 10,000i-72,000j-75,000k 

-600 750 -800 

QB o x (4v 0 ) = [(Ax)i + (Ay)j + (Az)k] X (2400j) 

= -2400(Az)i + 24001Ar) k 

i j k 

QB x x( 4v b )= -93 20 30 = -84,532i-70,565j - 215,006k 

-1212.84 2572.72 -367.52 

Collect terms and resolve into components. 

i: 10,000 -2400(Az) = -84,532 Az = 39.388 mm 

k: -75,000 + 2400( Ax) = -215,006 Ax = -58.336mm 

Coordinates: x R -x n + Ax = 240-58.336 x R =181.7 mm M 

Dq {J Bq 

>’«„ =0 4 

Zflo = Ze+ Az = 100+ 39.388 z Bfj - 139.4 mm A 
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PROBLEM 14.49 

Three identical small spheres, each of weight 2 lb, can slide freely 


1.5 ft 

on a horizontal frictionless surface. Spheres B and C are connected 

v*" 


by a light rod and are at rest in the position shown when sphere B is 
struck squarely by sphere A which is moving to the right with a 

* V 

b e 

velocity v 0 = (8 ft/s)i. Knowing that 6 = 45° and that the velocities 


j 

of spheres A and B immediately after the impact are \ A = 0 and 



v B = (6 ft/s)i + ( v H ) y j, determine (v B ) v and the velocity of C 
immediately after impact. 


SOLUTION 

Let m be the mass of one ball. 

Conservation of linear momentum: CLm\) — (£mv) 0 

rm A + m\ B + mv c = m(\ A ) 0 + (mv 5 ) 0 + (mv c ) 0 
Dividing by m and applying numerical data, 

0 + [(6 ft/s)i + (v B ) v j] + [(v c ) t i + (v c ) v j] = (8 ft/s)i + 0 + 0 

Components: 

x: 6 + (v c ) A . = 8 (v c ) r = 2 ft/s 

y- (v B ) y + (y c ) y = o (l) 

Conservation of angular momentum about O: 

E[r x (mv)] = S[r x (mv 0 )| 

where r A =0, r /; = 0, r c = (1.5 ft)(cos 45°i + sin 45°j) 


(1.5)(cos45°i + sin45°j) X [m(v c ) x i + m(v c ) y j] = 0 


Since their cross product is zero, the two vectors are parallel. 

(v c ) y = (v c ) v tan45° = 2 tan 45° = 2 ft/s 


From (1), ( v B ) y = -2 ft/s 


(• v B ) y = -2.00 ft/s 4 
v c = (2.00 ft/s)i + (2.00 ft/s)j 4 
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PROBLEM 14.50 

Three small spheres A, B, and C, each of mass m, are connected to a 
small ring D of negligible mass by means of three inextensible, 
inelastic cords of length /. The spheres can slide freely on a frictionless 
horizontal surface and are rotating initially at a speed v 0 about ring D 
which is at rest. Suddenly the cord CD breaks. After the other two 
cords have again become taut, determine (a) the speed of ring D, 
( b ) the relative speed at which spheres A and B rotate about D, (c) the 
fraction of the original energy of spheres A and B which is dissipated 
when cords AD and BD again became taut. 
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PROBLEM 14.50 (Continued) 


(b) 

Conservation of angular momentum: 

(^ 0)2 = (Hg)i 



3 3 

llmU/k = —Imv 0 k u A — u B = — v 0 

u = 0.750v' 0 A 


'T' ^ Z' - ) \— 2 , 1 2.1 2 

1 2 = —(2 m)v H— mu A H— mu B 

1 2fl 9 SC 13 2 

= —mvn —1 - 1 - = —mvn 

2 %2 16 16 J 16 


(c) 

T, -T, 1 -3 

Fraction of energy lost: —-— =-— = — 

T x 1 16 

T — T 

1 2 = 0.1875 ◄ 

h 
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PROBLEM 14.51 



In a game of billiards, ball A is given an initial velocity v 0 along 
the longitudinal axis of the table. It hits ball B and then ball C, 
which are both at rest. Balls A and C are observed to hit the sides of 
the table squarely at A' and C , respectively, and ball B is 
observed to hit the side obliquely at B'. Knowing that v 0 = 4 m/s, 
v A = 1.92 m/s, and a = 1.65 m, determine (a) the velocities v /; 
and v c of balls B and C, (b) the Point C where ball C hits the 
side of the table. Assume frictionless surfaces and perfectly elastic 
impacts ( that is, conservation of energy). 


SOLUTION 

Velocities in m/s. Lengths in meters. Assume masses are 1.0 for each ball. 
Before impacts: (v A ) 0 = v 0 i = 4i, (v B ) 0 = (v c ) 0 = 0 


After impacts: 


-1.92j, 


(y B ) x i + (v„) v j, 


v o = + v c 


Conservation of linear momentum'. 

i: 4 = 0 + (v B ) x + v c (v B ) x = 4 - v c 
j: 0 = -1.92 + (v B ) y + 0 (v B ) y = 1.92 


Conservation of energy. 


1 9 1? 1 ? 1 2 

2 v o - 2 + 2 Vb + 2 Vc 


i(4) 2 = I(1.92) 2 + i(1.92) 2 + i(4 - v c ) 2 + |v 2 


4v^ + 3.6864 = 0 


V r = 


4 ± yl( 4) 2 - (4)(3.6864) 
2 


= 2 ± 0.56 = 2.56 


or 


1.44 


Conservation of angular momentum about B'\ 

0.75v 0 = (1.8 — a)v A + cv c 

cv c = (0.75)(4) - (1.8 - 1.65)(1.92) = 2.712 
2.712 


If y c = 1.44, 
If v c - 2.56, 


c - 1.8833 off the table. Reject, 
c = 1.059 
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PROBLEM 14.52 


S' 



For the game of billiards of Problem 14.51, it is now assumed that 
v 0 = 5 m/s, v c = 3.2 m/s, and c = 1.22 m. Determine (a) the 
velocities v A and v /; of balls A and B, (b) the Point A' where ball 
A hits the side of the table. 

PROBLEM 14.51 In a game of billiards, ball A is given an initial 
velocity v 0 along the longitudinal axis of the table. It hits ball B 
and then ball C, which are both at rest. Balls A and C are observed 
to hit the sides of the table squarely at A' and C' , respectively, and 
ball B is observed to hit the side obliquely at B'. Knowing that 
v 0 = 4 m/s, v A = 1.92 m/s, and a = 1.65 m, determine (a) the 
velocities \ B and v c of balls B and C, (b) the Point C' where ball 
C hits the side of the table. Assume frictionless surfaces and 
perfectly elastic impacts (that is, conservation of energy). 


SOLUTION 

Velocities in m/s. Lengths in meters. Assume masses are 1.0 for each ball. 

Before impacts: (v A ) 0 = v 0 i = 5i, (v B ) 0 = (v c ) 0 = 0 


After impacts: 

Conservation of linear momentum : 


▼a = -DtJ> 


= (v B ). r i + (v B ) v j, 


v c = 3.2i 


V A + + V C 


i: 5 = 0 + (v*), + 3.2 
j: o = -v A + (v B ) + 0 


(Pb).v = 

(y B )y 


1.8 


Conservation of energy. 


1 9 1 2 It 

T V 0 = T V A + ~ V B + ■ 


^(5) 2 = ^(v A ) 2 + ^(1.8) 2 + ^(v A ) 2 + i(3.2) 2 
2 2 2 2 2 


(a) 


v A = 11.52 


v A = 2.4 


(v B )y = 2.4 v B = 1.8i + 2.4j 
Conservation of angular momentum about B': 

0.75v' 0 = (1.8 - a)v A + cv c 


(b) 


av A = 1.8v a + cv c - 0.75v 0 

= (1.8)(2.4) + (1.22)(3.2) - (0.75)(5) = 4.474 
4.474 4.474 


a = 


2.4 


v A = 2.40 m/s | ◄ 


y B = 3.00 m/s 53.1° ◄ 


a = 1.864 m A 
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PROBLEM 14.53 

Two small disks A and B. of mass 3 kg and 1.5 kg, 
respectively, may slide on a horizontal, frictionless 
surface. They are connected by a cord, 600 mm, 
long, and spin counterclockwise about their mass 
center G at the rate of 10 rad/s. At t- 0, the 
coordinates of G are x 0 — 0, y 0 = 2 m, and its 
velocity is v 0 = (1.2 m/s)i + (0.96 m/s)j. Shortly 
thereafter, the cord breaks; disk A is then observed 
to move along a path parallel to the y axis and disk B 
along a path which intersects the x axis at a distance 
b-1.5 m from O. Determine (a) the velocities of A 
and B after the cord breaks, (b) the distance a from 
the y-axis to the path of A. 
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PROBLEM 14.53 (Continued) 


Kinetic energy: Using Eq. (14.29), 

rji 1 —2 . 1 /2 ^ —2 I ^ /2 . 1 /2 

7 o = 2 mv o + 2f m: v < =2 mv ° + 2 A A 2 bVb 

= ^(4.5)[(1.2) 2 + (0.96) 2 ] + ^-(3)(0.2xl0) 2 + ^(1.5)(0.4xl0) 2 

= (5.3136 + 6 + 12) = 23.314 J 
(a) Conservation of linear momentum: 

L 0 - L 

5.4i + 4.32j = m A \ A +m B \ B 

= 3(v A j) + 1.5[(v B ).i + (v B )_ v j] 

Equating coefficients of i: 5.4 = 1.5(v /; ) x 

(v B ) x =3.6 m/s 

Equating coefficients of j: 4.32 = 3v A + 1.5(v B ) 

( v B )y - 2.88 - 2v a 

Conservation of energy: 


Tq=T- T 0 =^m A v 2 A + ^m B v 2 B 


l o 


23.314 J = I(3)(v 2 ) + i(1.5)[(v B ) 2 + (v ij ) 2 ] 



(2) 


Substituting from Eqs. (1) and (2): 

23.314 = 1.5v a +0.7513.6) 2 + 0.75(2.88 - 2v A ) 2 

4.5v A -8.64 v a -7.373 = 0 
v 2 -1.92 v a -1.6389 = 0 

v A =0.96 + 1.60 = 2.56 m/s v A = 2.56 m/s A 

and v A = 0.96 -1.60 = -0.64 m/s (rejected, since v A is shown directed up) 

From Eqs. (1) and (2): (v B ) t = 3.6 m/s 

(v B ) y = 2.88 - 2(2.56) = -2.24 m/s 


\ B =3.6i-2.24j \ B =4.24 m/s ^31.9° ◄ 

( b ) Conservation of angular momentum about O: 

(H 0 ) 0 = H 0 : - 7.2k = ai x m A v A + bi x m B \ B 

- 7.2k = ai x 3(2.56j) + 7.5i x 1,5(3.6i - 2.24 j) 

-7.2k = 7.68ok - 25.2k a - 2.34 m A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


918 




PROBLEM 14.54 



Two small disks A and B, of mass 2 kg and 1 kg, 
respectively, may slide on a horizontal and frictionless 
surface. They are connected by a cord of negligible mass 
and spin about their mass center G. At t — 0, G is moving 
with the velocity v 0 and its coordinates are x 0 = 0, 
y 0 =1-89 m. Shortly thereafter, the cord breaks and disk A 
is observed to move with a velocity x A = (5 m/s)j in a 
straight line and at a distance a = 2.56 m from the y-axis, 
while B moves with a velocity x B = (7.2 m/s)i - (4.6 m/s)j 
along a path intersecting the x-axis at a distance 
b = 7.48 m from the origin O. Determine (a) the initial 
velocity v 0 of the mass center G of the two disks, (b) the 
length of the cord initially connecting the two disks, (c) the 
rate in rad/s at which the disks were spinning about G. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


919 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


920 




PROBLEM 14.55 

Three small identical spheres A, B, and C, which can slide on a horizontal, frictionless surface, are attached to 
three 9-in-long strings, which are tied to a ring G. Initially, the spheres rotate clockwise about the ring with 
a relative velocity of 2.6 ft/s and the ring moves along the x-axis with a velocity v 0 = (1.3 ft/s)i. Suddenly, 
the ring breaks and the three spheres move freely in the xy plane with A and B, following paths parallel to the 
y-axis at a distance a = 1.0 ft from each other and C following a path parallel to the x-axis. Determine 
(a) the velocity of each sphere, ( b ) the distance d. 



SOLUTION 





Conservation of linear momentum'. 




Before break: 

L 0 = (3m) v = 3m(1.3i) = m(3.9 ft/s)i 




After break: 

L = mv 4 j - mv B j + mv c i 




L = L 0 : 

mv c i + m(v A - v B )j = m(3.9 ft/s)i 




Therefore, 

Ya = v B 



(1) 


v c = 3.9000 ft/s v c = 3.90 ft/s — - 



(2) 

Conservation of angular momentum : 




Before break: 

+)(H o ) 0 = 3 mlv = 3m(0.75ft)(2.6 ft/s) 




After break: 

= 5.85 m 

H 0 = ~ mV A X A 

+ mv A (x A +0.346) 

+ mv c d 

/) 

1 d?,3VM| 

C 'in Vc 
0~J~' 
cL 

i , 


u 

TAo «(/): C 

) B 


+J H 0 = —m A x A + mv A (x A +1.0) + mv c d 




H 0 =(H 0 ) 0 : 

1.0 mv A + mv c d — 5.85 m 




Recalling Eq. (2): 

v A + 3.9 d = 5.85 





d = 1.5-0.2564 lv A 



(3) 
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PROBLEM 14.55 (Continued) 

Conservation of energy. 


Before break: 

r 0 =i(3m)E 2 +3fimv' 2 J 


= + v /2 ) = ^-[(1.3) 2 + (2.6) 2 \m - 12.675m 

After break: 

1 2 1 o 1 2 

T =—mv A +—mv H +—mv c 

T = T 0 : Substituting for v B 

from Eq. (1) and v c from Eq. (2), 


^[v 2 +v 2 +(3.900) 2 ] = 12.675 


v A = 5.0700 


v A = V/j = 2.2517 ft/s 

(a) Velocities: 

v A = 2.25 ft/s f; v B = 2.25 ft/s); v c - 3.9 ft/s — ◄ 

( b ) Distance cl: 


From Eq. (3): 

d = 1.5 — 0.25641(2.2517) = 0.92265 ft d = 11.1 in. ◄ 
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PROBLEM 14.56 

Three small identical spheres A, B, and C, which can slide on a horizontal, frictionless surface, are attached 
to three strings of length / which are tied to a ring G. Initially, the spheres rotate clockwise about the ring 
which moves along the x axis with a velocity Vo. Suddenly the ring breaks and the three spheres move freely in 
the xy plane. Knowing that v A = (3.5 ft/s)j, v c = (6.0 ft/s)i, a - 16 in. and d = 9 in., determine (a) the initial 
velocity of the ring, (b) the length / of the strings, (c) the rate in rad/s at which the spheres were rotating 
about G. 



SOLUTION 

Conservation of linear momentum : 

(3m)v = m\ A + nrv B + m\ c 

3mv 0 i = m( 3.5 ft/s) j - mv B j + m(6.0 ft/s)i 

Equating coefficients of unit vectors: 


3v 0 = 6.00 ft/s 
0 = 3.5 ft/s-v R 


v B = 3.5 ft/s 


( 1 ) 

= 2.00 ft/s — 


(a) Conservation of angular momentum : 
Before break: + y )('// o ) 0 = 3ml 1 6 


After break: 


H 0 = —mv A x A +mv A (x A +16/12) + mv c (9/12) 
= m(3.5)(16/12) + m(6.0)(9/12) 

= nj(9.1667) 


0 


^ OMlbn 


C mlV, 
c 

_L 


£>(D 


(H o ) 0 = H 0 : 


3ml 2 6 — m(9. 1667) 


l 1 6 - 3.0556 


(2) 
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PROBLEM 14.56 (Continued) 



Conservation of enersv: 




Before break: 

Tq = -^-(3 m)v 2 +3^mv' 2 j = y^ mv o + ^m(W) 2 




= —m( 2.0) 2 + —ml 2 0 2 

2 2 



After break: 

1 2 1 2 1 2 

T = —JTIVa + ~ mv B + ~^ mv c 

= —m[(3.5) 2 + (6.0) 2 ] = -771(60.5) 

2 2 



r = r n - - 

0 2 

777(60.5) = 777(2.0) 2 + ^ml 2 e 2 




l 2 d 2 = 16.167 

(3) 


Dividing Eq. (3) by Eq. (2): 0 = 16 ' 167 = 5.2909 

3.0556 


(b) 

From Eq. (2): 

/ 2 _ 3.0556 / = 0.75994 ft 

5.2909 

/ = 0.76 ft ◄ 

(c) 

Rate of rotation: 


e = 5.29 rad/s ◄ 
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PROBLEM 14.57 

_ If) 

p 

A stream of water of cross-sectional area A , and velocity Vi strikes a circular 

1 —► - - 

plate which is held motionless by a force P. A hole in the circular plate of area 

^ P 

A 2 results in a discharge jet having a velocity Vi. Determine the magnitude of P. 


SOLUTION 

Mass flow rates . As the fluid ahead of the plate moves from section 1 to section 2 At, the mass Am 1 moved is 

Am, = pA x (At) = yoAjV^At) 

so that -L = ^^-=pA,v t (J) (£) 


dm i A/m, 

— L = — L = M' ; i 
* At 


Likewise, for the fluid that has passed through the hole 

Am 2 = pA 2 (Al) = pA 2 \\(At ) 

dm t 





so that 


dt 


■ - pA 2 \\ 




Apply the impulse-momentum principle. 


(Aro/)/ir, 

-i- 




“N 


E/nVj + Jf r/r = Emv, 


Components in the direction of the flow. 

(A n\ )vj — PAt — (A m 2 )v. 
Am, Atm 


P = — vj-— v, = pAp x - pA 2 v[ 

At At 


A^i V\ Ar*. 


© a? 


n 

r 



s 

_. , r- J 


PAt 



- 1 “T 1 

'1 



■ V 


J J 

U 



■U 




a r, 


(A 


P = p(A l -A 2 )vf ◄ 
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PROBLEM 14.58 

A jet ski is placed in a channel and is tethered so that it is 
stationary. Water enters the jet ski with velocity Vi and exits with 
velocity V2. Knowing the inlet area is A\ and the exit area is A2, 
determine the tension in the tether. 
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PROBLEM 14.59 


A stream of water of cross-sectional area A and velocity Vi strikes a plate 
which is held motionless by a force P. Determine the magnitude of P, knowing 
that A = 0.75 in 2 , v 1 = 80 ft/s, and V - 0. 
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PROBLEM 14.60 



A stream of water of cross-sectional area A and velocity Vi strikes a plate 
which moves to the right with a velocity V. Determine the magnitude of V, 
knowing that A - 1 in 2 , v, = 100 ft/s, and P = 90 lb. 


SOLUTION 


© © 
I 




Consider velocities measured with respect to the plate, which is moving with velocity V. The velocity of the 
stream relative to the plate is 


u = v, - Y 

Mass flow rate. As the fluid moves from sec tion 1 to section 2 in time At, the mass A m moved is 

A m = pA(Al) 
dm Am pA(Al) 


Then 


— = — = ^ = pAu 


dt At 


At 



Principle of impulse and momentum: 

+ (A m)u — P(At) — 0 


( 1 ) 


(2) 


Am dm . 2 

F =- u =- u — pAu 

At dt 


u = 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


928 






PROBLEM 14.60 (Continued) 


From Eq. (1), 

T/ 

V = v, — u = v, — - 

V PA 


Data: 

P = 90 lb, A = 1 in 2 = 0.0069444 ft 2 



V, =100 ft/s, y= 62.4 lb/ft 3 



v = 100 | 90 

V (62.4/32.2)(0.0069444) 

V = 18.2 ft/s ◄ 
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PROBLEM 14.61 

A rotary power plow is used to remove snow from a level 
section of railroad track. The plow car is placed ahead of an 
engine which propels it at a constant speed of 20 km/h. The 
plow car clears 160 Mg of snow per minute, projecting it in the 
direction shown with a velocity of 12 m/s relative to the plow 
car. Neglecting friction, determine (a) the force exerted by the 
engine on the plow car, ( b ) the lateral force exerted by the track 
on the plow. 


SOLUTION 


Velocity of the plow: v P = 20 km/h = 5.5556 m/s 

Velocity of thrown snow: 


Mass flow rate: 


v J = (12 m/s)(cos30°i + sin 30°j) + (5.5556 m/s)k 
dm _ (160000 kg/min) 


dt (60 s/min) 

Let F be the force exerted on the plow and the snow 


= 2666.7 kg/s 


Apply impulse-momentum, noting that the snow is initially at rest and that the velocity of the plow is 
constant. Neglect gravity. 

F(Ar) = (Affl)Vj 


F = 


— }v s = (2.666.7)(12cos 30°i + 12sin 30°j + 5.5556k) 
V dt ) 

= (27713 N)i + (16000 N)j + (14815 N)k 


(a) 

Force exerted by engine. 

F z = 14.8 kN ◄ 

(b) 

Lateral force exerted by track. 

F x = 27.7 kN ◄ 
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PROBLEM 14.62 



Tree limbs and branches are being fed at A at the rate of 
5 kg/s into a shredder which spews the resulting wood chips 
at C with a velocity of 20 m/s. Determine the horizontal 
component of the force exerted by the shredder on the truck 
hitch at D. 
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PROBLEM 14.63 

Sand falls from three hoppers onto a conveyor belt at a rate 
of 90 lb/s for each hopper. The sand hits the belt with a 
vertical velocity Vj = 10 ft/s and is discharged at A with a 
horizontal velocity v 2 = 13 ft/s. Knowing that the combined 
mass of the beam, belt system, and the sand it supports is 
1300 lb with a mass center at G, determine the reaction at E. 


SOLUTION 

Principle of impulse and momentum: 

Cfcinl tf. X 3 




« ■ 


1 




tzl 


+') Moments about F: 


- L 




3 tan 

n—: 


2 * 

f“T 


(Am)v 1 (3a) + AmV[ (2a) + (Am) a + (WAt)c — (RAt)L — 3 (A m)v 2 h 


R = I 

L 


cW + 6av , 


Am ., Am 


At 


3/n’i 


At 


Am A W/s 1 dW 

Data: L = 20 ft, c = 13 ft, a = 5 ft, h = 2.5 ft, -= =-— = 2.7950 slug/s 

At dt g dt 


R = ^[13(1300) + (6)(5)(10)(2.7950) - (3)(2.5)(13)(2.7950)] 


R = 873 lb ; ◄ 
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40 mm 



PROBLEM 14.64 

The stream of water shown flows at a rate of 550 liters/min and moves 
with a velocity of magnitude 18 m/s at both A and B. The vane is 
supported by a pin and bracket at C and by a load cell at D which can exert 
only a horizontal force. Neglecting the weight of the vane, determine the 
components of the reactions at C and D. 


SOLUTION 

Mass flow rate: 


dm _ (1000 kg/nr )(550 liters/min)(l min) 

dt (1000 liters/m 3 )(60 sec) 

— = 9.1667 kg/s 
dt 


Velocity vectors: 

Apply the impulse-momentum principle 

j(Arn) 


v A = 18 m/s 


\ B =18 m/s aH 40° 


c(m:1 



C,(ht) 








-r)Moments about C: —0.040(Am)v A + 0.150/XAr) = 0.200(A/n)v g cos40° + 0.165(A/njv /; sin40° 


0.150 

1 

0.150 


l f Am \ 

D =- [0.200V, cos 40° + 0.165 v B sin 40° + 0.040v A ] 

^AfJ 

(9.1667)[(0.200)(18) cos 40° + 0.165(18) sin 40° + 0.040(18)] 
= 329.20 N 


D =329N ◄ 


D y = 0 ◄ 


+ 


x components: 


C (At) + D(At) = (A m)v B cos 40° 


C, = 


f Am ^ 


V At j 


v B cos 40°-£> = (9.1667X18cos 40°)-329.20 = -202.79 N C =-203N ◄ 


+| y components: 


C .V = 


-(A m)v A + C y (At) = (A m)v B sin 40° 

A/77 i A £77 

- Va + —- V sin 40° = (9.1667)(18 +18 sin 40°) = 271.06 N 

v At ) At 


C =271N ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


933 






PROBLEM 14.65 

The nozzle discharges water at the rate of 
340 gal/min. Knowing the velocity of the 
water at both A and B has a magnitude of 
65 ft/s and neglecting the weight of the vane, 
determine the components of the reactions at 
C and D. (1 ft 3 = 7.48 gallons) 


SOLUTION 


Volumetric flow rate: 
Mass density of water: 

Mass flow rate: 


Q = 340 gal/minx(l ft 3 /7.48 gal)x(l min/60 sec) = 0.75758 ft Vs 

/ _ 62.4 lb/ft 3 
g ~ 32.2 ft/s 2 

— = Lq = ^1(0.75758) = 1.4681 lb - s/ft 
dt g 32.2 


Assume that the flow speed remains constant. 
Principle of impulse and momentum. 




(+ Moments about D: 

_ ((30/12) sin 50° - (23/12) cos 50° + (3/12) Am 
(30/12) Ar 

= 0.37324 —V 
dt 

= (0.37324)(1.46811b s/ft)(65 ft/s) = 35.617 lb C = 35.6 lb | ◄ 
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PROBLEM 14.65 (Continued) 


+ » Horizontal components: 


(A m)V cos 50° + DJAt) = (A m)V 


D = (1 - cos 50°) — V 
x At 


= 0.35721— V 
dt 


= (0.35721X1.4681 lb • s/ft)(65 ft/s) 

= 34.087 lb 

D t = 34.1 N—► ◄ 

+| Vertical components: -(A m)V sin 50° + C(At) + D y (At) - 0 


Aw 

D - (sin 50°)- V-C 

At 


dw 

= 0.76604- V-C 

dt 


= (0.76604)(1.4681 lb• s/ft)(65 ft/s) — 35.617 N 

= 37.484 lb 

D v =37.5 1b|4 
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190 mm V 


r—1" -n * 


A » 

v ,\ 

- 

50° 


150 mm 


— 250 mil 


200 mm 


500 nun 


\ 

\ 

3 


PROBLEM 14.66 

A high speed jet of air issues from the nozzle A with a 
velocity of \ A and mass flow rate of 0.36 kg/s. The air 
impinges on a vane causing it to rotate to the position 
shown. The vane has a mass of 6-kg. Knowing that the 
magnitude of the air velocity is equal at A and B 
determine (a) the magnitude of the velocity at A, (b ) the 
components of the reactions at O. 


SOLUTION 

Assume that the speed of the air jet is the same at A and B. 


Apply the principle of impulse and momentum. 





(a) +') Moments about O: (0.190)(Am)v - (0.250)Vk(At) = -(0.250)(Am)vcos50° 

- (0.500)(Am)vsin50° 

_ At _ 0.250 Vk _ 

' ~ Am 0.150cos50° +0.500 sin50°+ 0.190 
_ 0.250 IT dm 
~~ 0.66944 dr 
_ (0.250)(6)(9.81) 

- (0.66944X0.36) 

= 61.058m/s 1^=61. lm/s^ 
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0.75 in 



PROBLEM 14.67 

Coal is being discharged from a first conveyor 
belt at the rate of 120 kg/s. It is received at A by 
a second belt which discharges it again at B. 
Knowing that Vj = 3 m/s and v 2 = 4.25 m/s and 
that the second belt assembly and the coal it 
supports have a total mass of 472 kg, determine 
the components of the reactions at C and D. 


SOLUTION 

Velocity before impact at A: 


Slope of belt: 


= v i = 3 m/s—~ 

(v A ) 2 = 2g(Ay) = (2X9.81X0.545) -10.693 m 2 /s 2 
2 4-12 

tan 0 , <9 = 28.07° 

2.25 


Velocity of coal leaving at B: v 2 = 4.25 (cos 0\ + sin 0\) 

Apply the impulse-momentum principle. 



(4*9 iV 


(v A ) y =3.270 m/s { 



CjtAt) V(At) 

+, x components: (A m)(v A ) x + C x (At) = (A m)v 2 cos# 

A 777 

C_ =- \v 2 cos# - (v,) 1 = (120)(4.25cos28.07° - 3) 

At 

C x = 90.0 N —► 

V)moments aboutC: (Awj)[-1.2(v a ) a . -0.75(v A ) > ,] + 3.00D(Af)-1.8VF(Af) = (Am)[-2.4 v 2 cos 9 + 3v 2 sin 0] 

A 777 

-[—(1.2)(3) - (0.75)(3.270)] + 3 D- (1.8)(472)(9.81) 

At 


Am 

At 


[-(2.4)(4.25 cos 0) + (3)(4.25 sin 6»)] 


(jni a 

D = 2775 + 1.0168— = 2115 + (1.0168)(120) = 2897 N | 
dt 
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PROBLEM 14.67 (Continued) 



+ | y components: 

(A m)(-v A ) y +(C y +D-W )(At) = (Am)v 2 sin 6 




A 777 

C +D-W = -(3.270 + 4.25 sin 6) 

y At 

= (120X5.268) = 632.2 N 

C v = 4625.6 - 2897 + 632.2 

C v =2361 n( 




C x = 90.0 N, 

C v = 2360 N ◄ 



D x = 0, 

D y = 2900 N ◄ 
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v <) 

PROBLEM 14.68 

V 


A mass q of sand is discharged per unit time from a conveyor belt 


/\ 

moving with a velocity v 0 . The sand is deflected by a plate at A so that 


i 

it falls in a vertical stream. After falling a distance h the sand is again 

1 


deflected by a curved plate at B. Neglecting the friction between the 

a 


sand and the plates, determine the force required to hold in the position 

L _ M 

H 

shown (a) plate A, ( b ) plate B. 

30° 



■P^\ 




SOLUTION 


(a) 


When the sand impacts on plate A, it is momentarily brought to rest. Apply the principle of impulse and 
momentum to find the force on the sand. 



x component: 


A (At} 

+ 4 ^ = 

(A m)v 0 + A x (At) = 0 



A =• 


Am 

At 


-qv 0 


+ | y component: 


0+ A y (At) = 0 A v = 0 


A = qv 0 


The sand falls vertically. Use conservation of energy for mass element Am. Let v be the speed at the 
curved portion of plate B. 

T { + Vj = T 2 + V, : 0 + (A m)gh = ^ (A m)v 2 + 0 

v 2 = 2gh 
V = yf2gh 

Over the curved portion of plate B , there is negligible change of elevation. Hence, by conservation of 
energy, v is both the entrance speed and exit speed of the curved portion of plate B. 

(b) Force exerted through plate B: 

Entrance velocity: v = —<j2gh j 

v' = ^2gh (- cos 30°i - sin 30°j) 
dm Am 


Exit velocity: 
Mass flow rate: 


dt At 


q 
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PROBLEM 14.69 

The total drag due to air friction on a jet airplane traveling at 900 km/h is 35 kN. Knowing that the exhaust 
velocity is 600 m/s relative to the airplane, determine the mass of air which must pass through the engine per 
second to maintain the speed of 900 km/h in level flight. 
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PROBLEM 14.70 

While cruising in level flight at a speed of 600 mi/h, a jet plane scoops in air at the rate of 200 lb/s and 
discharges it with a velocity of 2100 ft/s relative to the airplane. Determine the total drag due to air friction on 
the airplane. 
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PROBLEM 14.71 

In order to shorten the distance required for landing, a jet airplane is 
equipped with movable vanes, which partially reverse the direction of the air 
discharged by each of its engines. Each engine scoops in the air at a rate of 
120 kg/s and discharges it with a velocity of 600 m/s relative to the engine. 
At an instant when the speed of the airplane is 270 km/h, determine the 
reverse thrust provided by each of the engines. 
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PROBLEM 14.72 

The helicopter shown can produce a maximum downward air 
speed of 80 ft/s in a 30-ft-diameter slipstream. Knowing that 
the weight of the helicopter and its crew is 3500 lb and 
assuming y— 0.076 lb/ft 3 for air, determine the maximum 
load that the helicopter can lift while hovering in midair. 


SOLUTION 

The thrust is 

Calculation of 


dm 

dt 


u dm I \ 

F =—( v b- v a) 

dt 


mass = density x volume = density x area x length 


A m = pA B (Al) = pA B v B (At ) 

Am y dm 

—— ~ P^B V B - A b V B ~ ~7~ 
At g dt 



where A B is the area of the slipstream well below the helicopter and v B is the corresponding velocity in the 
slipstream. Well above the blade, v A ~ 0. 

Hence, 


F = —A b v b 


0.076 lb/ft 
32.2 ft/s 2 


3 ^ 


j | (30 ft) (80 ft/s) 


= 10,678 lb 
F = 10,678 lb J 

The force on the helicopter is 10,678 lb . 

Weight of helicopter: W H — 3500 lb 

Weight of payload: W P =W P \ 

Statics: +} EF V = F - W H - W P = 0 

W P = F -W H =10,678-3500 = 7178 lb 


W = 7180 lb ◄ 
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PROBLEM 14.73 

A floor fan designed to deliver air at a maximum velocity of 
6 m/s in a 400-mm-diameter slipstream is supported by a 
200-mm-diameter circular base plate. Knowing that the total 
weight of the assembly is 60 N and that its center of gravity is 
located directly above the center of the base plate, determine the 
maximum height h at which the fan may be operated if it is 
not to tip over. Assume p - 1.21 kg/m 3 for air and neglect the 
approach velocity of the air. 


SOLUTION 


Calculation of at a section in the airstream: 


mass = density x volume = density x area x length 

Am = pA(Al) = pAv(At) 

Am dm 

-=-= pAv 

At dt 


Thrust on the airstream: 



17 dm / N 

F =-r( v £-v A ) 

dt 

where \ B is the velocity just downstream of the fan and v 4 is the velocity for upstream. Assume that v 4 is 
negligible. 


F = (pAv)v = p 


( K n 2 I 2 

— D v 

v 4 

f 


IfT 


F = (1.21 kg/m ) 


n 


— |(0.400 m) (6 m/s) = 5.474 N 


Force on fan: 
Maximum height h: 


F = 5.474 N —» 

F' = -F = 5.474 N ■*— 

e = —d - 100 mm = 0.1 m 
2 


C*> 


(?.£' 




+)IM e = 0 
F'h -We = 0 


U 


h _W^_ (60X0.1) 

1 ~ F' ~ 5.474 


h = 1.096 m A 
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PROBLEM 14.74 

The jet engine shown scoops in air at A at a rate of 200 lb/s 
and discharges it at B with a velocity of 2000 ft/s relative to 
the airplane. Determine the magnitude and line of action of 
the propulsive thrust developed by the engine when the 
speed of the airplane is (a) 300 mi/h, ( b ) 600 mi/h. 
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PROBLEM 14.75 



A jet airliner is cruising at a speed of 900 km/h with each of its 

(— 


three engines discharging air with a velocity of 800 m/s 
relative to the plane. Determine the speed of the airliner after it 
has lost the use of (a) one of its engines, (b) two of its engines. 

Qoooooooooooooooaocoooooooo~ 


Assume that the drag due to air friction is proportional to the 
square of the speed and that the remaining engines keep 
operating at the same rate. 


SOLUTION 

Let v be the airliner speed and u be the discharge relative velocity. 

u = 800 m/s. 

dm 

Thrust formula for one engine: F =-( u - v) 

dt 

Drag formula: D = kv 2 

Three engines working. Cruising speed = v 0 = 900 km/h = 250 m/s 

3 F-D = 3— (u - v 0 ) - kv 2 = 0 
dt 

dm _ kv 2 _ k(250) 2 _ ^ gm 

dt 3(u - v 0 ) 3(800-250) 

(a) One engine fails. Two engines working. Cruising speed = v, 

2 F-D = 2^\u - vj) - kv 2 = 0 
dt 

(2)(37.879k)(800 — v, ) - kv 2 = 0 
v 2 + 75.758^ - 60.606xlO 3 = 0 

v, = 211.20 m/s v, = 760 km/h A 

( b ) Two engines fail. One engine working. Cruising speed = v 2 

F-D = —(u-v 2 )-kvl =0 
dt 

(37.879k)(800 - v 2 ) - kv 2 = 0 
v 2 +37.879v 2 - 30.303x10 3 =0 

v 2 = 156.17 m/s v 2 = 562 km/h M 
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PROBLEM 14.76 



A 16-Mg jet airplane maintains a constant speed of 11A km/h 
while climbing at an angle a - 18°. The airplane scoops in air at 
a rate of 300 kg/s and discharges it with a velocity of 665 m/s 
relative to the airplane. If the pilot changes to a horizontal flight 
while maintaining the same engine setting, determine (a) the 
initial acceleration of the plane, ( b ) the maximum horizontal 
speed that will be attained. Assume that the drag due to air 
friction is proportional to the square of the speed. 


SOLUTION 


Calculate the propulsive force using velocities relative to the airplane. 

jr dm < ^ 

f = —( v b- v a) 
at 


Data: 


*=300 kg/s 
dt 

v A = 11A km/h 
= 215 m/s 
v B = 665 m/s 
F = (300)(665 - 215) 
=135,000 N 



Since there is no acceleration while the airplane is climbing, the forces are in equilibrium. 

+ ^rI18 0 ZF = 0: F — D — mg siner = 0 

F - D = mg sin a = (16,000)(9.8) sin 18° = 48,454 N 
(a) Initial acceleration of airplane in horizontal flight. 

ma — F - D: 16,000« = 48.454xl0 3 a = 3.03 m/s 2 18°4 

Corresponding drag force: D = 135,000 - 48,454 

=86,546 N 


Drag force factor: D = kv\ 

, D 

or k = — 

^ A 

_ 86,546 
~ (215) 2 

= 1.87228 N • s 2 /m 2 
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PROBLEM 14.76 (Continued) 


(b) Maximum speed in horizontal flight: 


Since the acceleration is zero, the forces are in equilibrium. 


F - D-D 


dm 2 n , 2 ^ dm dm 

-^-(y B -VA)-kv A = 0 kv A +— v A ~— v B =0 
at at at 


1,87228v] + 300 v a - (300)(665) = 0 


v A = 256.0 m/s 

v A = 922 km/h A 
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PROBLEM 14.77 

The propeller of a small airplane has a 2-m-diameter slipstream and produces a thrust of 3600 N when the 
airplane is at rest on the ground. Assuming p = 1.225 kg/m 3 for air, determine (a) the speed of the air in the 
slipstream, ( b ) the volume of air passing through the propeller per second, (c) the kinetic energy imparted per 
second to the air in the slipstream. 


SOLUTION 


Calculation of at a section in the airstream: 

at 


mass = density x volume 

= density x area x length 

Am = pA(Al) = pAvAt 

Am dm 

-=-= pAv 

At dt 

( a ) Thrust = — y,) where \ B is the velocity just downstream of propeller and v 4 is the velocity far 



upstream. Assume v A is negligible. 


Thrust = (pAv)v = p 


3600 = 1.225 


n 


f —D 1 
v 4 


2 2 


- I (2) v 


v z =935.44 


v = 30.585 m/s 


(b) 


1 dm 

Q = -— = A v = 

p dt 


D~ v = -(2) 2 (30.585) = 96.086 


(c) Kinetic energy of mass Am : 


AT = i(A m)v 2 = ^pA(Al)v 2 =^pAv(At)v 3 

AT _ dT 
At dt 


1 




-D 2 v 3 


K 


= -(1.225) 


= 55,053 N-m/s 


- (2)"(30.585) 


v = 30.6 m/s -4 
Q =96.1 m 3 /s 4 


— = 55,100 N-m/s ◄ 
dt 
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I 82.5 i 


PROBLEM 14.78 

The wind turbine-generator shown has an output-power rating of 1.5 MW for a 
wind speed of 36 km/h. For the given wind speed, determine (a) the kinetic 
energy of the air particles entering the 82.5-m-diameter circle per second, (b) the 
efficiency of this energy conversion system. Assume p — 1.21 kg/m 3 for air. 


SOLUTION 

(a) Rate of kinetic energy in the slipstream. 

Let Am be the mass moving through the slipstream of area A in the time At. Then, 

Am = pA(Al ) = pAv(At) 

The kinetic energy carried by this mass is 

1 7 1 , 

At = — (Am)v = —pAv (At) 

dT AT 1 , 

-=- = —pAv 

dt At 2 


Data: 


( b) Efficiency n: 


A = -d 2 = —(82.5 m) 2 = 5345.6 m 2 
4 4 

v = 36 km/h = 10 m/s 

— = -(1.21 kg/m 3 )(5345.6 m 2 )(10 m/s) 3 
dr 2 

= 3.234xl0 6 kg • m 2 /s 3 


V = 


output power 


1.5 MW 


available input power 3.234 MW 


— = 3.234 MW ◄ 
dt 


tj - 0.464 ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


952 






SOLUTION 


Rate of kinetic energy in the slipstream. 

Let Am be the mass moving through the slipstream of area A in time At. Then 

Am = pA(Al ) = pAv(At) 


The kinetic energy carried by this mass is 


AT = —(Am)v 2 - — pAv 3 (At) 

dT _ AT _ 1 3 

dt At 2 


This is the available input power for the wind turbine. For a wind turbine of efficiency tj, the output 
power P is 


P-rj 


dT 

dt 


1 

2 


pAv 3 


We want to compare two turbines having P { =1.5 MW and P 2 = 10 MW, respectively. Then 

^2 _ r hP2^ L 2 V 2 
Pi T)\P\ A\V 3 


Since tj 2 -t) u p 2 - p { , and v 2 = v l , we get 


El 

E 

d\ 


A 1 d; 10 ^ 

A A 15 

= 6.6667 d 3 - (6.6667)(82.5 in) 2 


d 2 - 213 m A 
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PROBLEM 14.80 


While cruising in level flight at a speed of 570 mi/h, a jet airplane scoops in air at a rate of 240 lb/s and 
discharges it with a velocity of 2200 ft/s relative to the airplane. Determine (a) the power actually used to 
propel the airplane, ( b ) the total power developed by the engine, (c) the mechanical efficiency of the airplane. 


SOLUTION 

dm 240 


Data: 

= - 7.4534 slugs/s 

dr 32.2 

u — 2200 ft/s 

v - 570 mi/h - 836 ft/s 

u dm i \ 

F — ——(m — v) 
dt 

-(7.4534X2200-836) 

-10,1661b 


(a) Power used to propel airplane: 

Py=FV 

-(10,166)(836) 

-8.499 x10 s ft-lb/s 

Propulsion power - 15,450 hp M 

Power of kinetic energy 

of exhaust: 

P 2 (Af) = 2(Am)(M-v) 2 

d 1 dm ( \2 

A---1U-V) 

= l(7.4534)(2200-836) 2 

-6.934 x10 s ft-lb/s 


( b ) Total power: 

P = P l +P 2 

-15.433 x10 s ft-lb/s 

P ] 8.499 x10 s 

Total power = 28,060 hp A 

(c) Mechanical efficiency: 

P ~ 15.433x10 s 
= 0.551 

Mechanical efficiency - 0.551 M 
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PROBLEM 14.81 

In a Pelton-wheel turbine, a stream of water is deflected by a series of 
blades so that the rate at which water is deflected by the blades is equal 
to the rate at which water issues from the nozzle (Am/At = Apv A ). 
Using the same notation as in Sample Problem 14.7, (a) determine the 
velocity V of the blades for which maximum power is developed, 
( b ) derive an expression for the maximum power, (c) derive an 
expression for the mechanical efficiency. 
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PROBLEM 14.82 



A circular reentrant orifice (also called Borda’s mouthpiece) of 
diameter D is placed at a depth h below the surface of a tank. 
Knowing that the speed of the issuing stream is v = ^2gh and 
assuming that the speed of approach v l is zero, show that the 
diameter of the stream is d - D/J2. (Hint: Consider the section of 
water indicated, and note that P is equal to the pressure at a depth h 
multiplied by the area of the orifice). 


SOLUTION 

From hydrostatics, the pressure at section 1 is p, = yh = pgh. 

The pressure at section 2 is p 2 — 0. 

Calculate the mass flow rate using section 2. 

mass = density x volume 

= density x area x length 
Am = pA 2 (Al ) = pA 2 v(At) 

dm Am 

-=-= pA 2 v 

dt At 2 

Apply the impulse-momentum principle to fluid between sections 1 and 2. 




P,A,(At) 
-—> 


(A m)v x + pjAjCAf) = (A m)v 

dm dm 

-v. + ^-v 

PA =^< v - v .) 

dt 


But V[ is negligible, 


= pA 2 v(v — v,) 

Pi = pgh and v = yj2 gh 
pghA t = pA 2 (2gh) or A X -2A 2 


—D 2 = 2 I -d 2 


-»( (* AJ> 


Cdwl'd’ 



d = -^= ◄ 

V2 
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PROBLEM 14.83 

Gravel falls with practically zero velocity onto a conveyor 
belt at the constant rate q = dm/dt. (a) Determine the 
magnitude of the force P required to maintain a constant 
belt speed v. (b) Show that the kinetic energy acquired by 
the gravel in a given time interval is equal to half the 
work done in that interval by the force P. Explain what 
happens to the other half of the work done by P. 


SOLUTION 


(a) We apply the impulse-momentum principle to the gravel on the belt and to the mass Am of gravel 
hitting and leaving belt in interval At. 


h 


ottV -f- 


PAt — 




my- ( Voy 


-i->- x comp.: mv + PAt = mv + (Amz) v 


P = 


Am 

-v = qv 

At 


( b ) Kinetic energy acquired for unit time: 

AT = — (Am)v 2 
2 

AT 1 Am 2 1 2 
At ~ 2 At ~ 2 qV 

Work done per unit time: 

A U PAx n 

At At 

Recalling the result of part a: 

A U = P(Ax) 

AG 2 

—— = (qv)v = qv 
At 

Comparing Eqs. (1) and (2), we conclude that 

AT _ 1 AG 
At 2 At 


Q.E.D. 


P = qv ◄ 


(1) 


(2) 

◄ 


The other half of the work of P is dissipated into heat by friction as the gravel slips on the belt 
before reaching the speed v. A 
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PROBLEM 14.84* 

The depth of water flowing in a rectangular channel of width b 
at a speed Vi and a depth d\ increases to a depth do at a 
hydraulic jump. Express the rate of flow Q in terms of b, d\, 
and d 2 . 
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PROBLEM 14.85* 

Determine the rate of flow in the channel of Problem 14.84, 
knowing that b -12 ft, d, =4 ft, and d 2 - 5 ft. 

PROBLEM 14.84 The depth of water flowing in a rectangular 
channel of width b at a speed V\ and a depth d\ increases to a 
depth d 2 at a hydraulic jump. Express the rate of flow Q in terms 
of b,d\, and d 2 . 
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PROBLEM 14.85* (Continued) 

Noting that y— pg, 

Q = b \\ gd \d 2 ( d \ + d 2 ) 

Data: 

g — 32.2 ft/s, 2 b- 12 ft, d x - 4 ft, d 2 =5ft 


Q = 12^(32.2)(4)(5)(9) Q = 646 ft 3 /s ◄ 
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PROBLEM 14.86 



A chain of length l and mass m lies in a pile on the floor. If its end A is raised 
vertically at a constant speed v, express in terms of the length y of chain which is 
off the floor at any given instant (a) the magnitude of the force P applied at A, 
( b ) the reaction of the floor. 


SOLUTION 

Let p be the mass per unit length of chain. Apply the impulse-momentum to the entire chain. Assume that the 
reaction from the floor is equal to the weight of chain still in contact with the floor. 

Calculate the floor reaction. 


R = pg(i-y) 

R = mg 


f i-y' 

l 


PAt 




" f] V = t PW 


(X 


R(At) 

Apply the impulse-momentum principle. 

pyv + P(At) + R(At) - pgL(At) - p(y + Ay)v 

PAt = p(Ay)v + pgL(At) - R(At) 


(a) 


Ay 

P = p-^v + pgL - p(L - y)g 
At 


pv + pgy 


Let 


A v _ dry 
At dt 


( b ) From above, 


P = j(v 2 + gy)< 
R = mg { l ~j] ^ 
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PROBLEM 14.87 

Solve Problem 14.86, assuming that the chain is being lowered to the floor at a 
constant speed v. 

PROBLEM 14.86 A chain of length l and mass m lies in a pile on the floor. If 
its end A is raised vertically at a constant speed v, express in terms of the 
length y of chain which is off the floor at any given instant (a) the magnitude 
of the force P applied at A, ( b ) the reaction of the floor. 
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B 



PROBLEM 14.88 

The ends of a chain lie in piles at A and C. When released from rest at time 
t = 0, the chain moves over the pulley at B, which has a negligible mass. 
Denoting by L the length of chain connecting the two piles and neglecting 
friction, determine the speed v of the chain at time t. 


SOLUTION 


Let m be the mass of the portion of the chain between the two piles. This is the portion of the chain that is 
moving with speed v. The remainder of the chain lies in either of the two piles. Consider the time period 
between t and t + At and apply the principle impulse and momentum. Let Am be the amount of chain that is 
picket up at A and deposited at C during the time period At. 

At time t, Am is still in pile A while Am has a downward at speed v just above pile C. The remaining mass 
(m - Am) is moving with speed v. 

At time t + At, Am is moving with speed y + Ay just above pile A and Am is at rest in pile C. 

Over the time period an unbalanced weight of chain acts on the system. The weight is 


W = 


mgh 

L 


Apply the impulse-momentum principle to the system. 

B B B 



Consider moments about the pulley axle. 

r[(Am)y + (m - Am)v] + rW (At) 

= r[(Am)(v + Ay) + (m — A m)(v + Ay)] 
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PROBLEM 14.88 (Continued) 


Dividing by r and canceling the terms (Am)v and (in - Am)v 


0 -t— —(At) — (A m)(v + Av) + (m - Am)(Av) 


= v(A m) + m(Av) 


But 

Hence, 

Solving for At, 


A m A. , 

Am = — v(Af) 


(AO = + m(Av) 


At - 


L(Av) 
gh - v 2 


Letting c 2 = gh, and considering the limit as At and Av become infinitesimal, gives 


dt = 


Ldv 

2 2 ~ 
C ~ V 


Integrate, noting that v = 0 when t = 0 


v dv L . , _i v 

c 


f = lJ - = — tanh 1 —| 


,0 c 2 - v 2 c 


, Ct V 

tanh — 

I c 


1 = Jgh tanh 




v L y 
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PROBLEM 14.89 

A toy car is propelled by water that squirts from an internal 
tank at a constant 6 ft/s relative to the car. The weight of the 
empty car is 0.4 lb and it holds 2 lb of water. Neglecting other 
tangential forces, determine the top speed of the car. 
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PROBLEM 14.90 

A toy car is propelled by water that squirts from an internal 
tank. The weight of the empty car is 0.4 lb and it holds 2 lb of 
water. Knowing the top speed of the car is 8 ft/s, determine the 
relative velocity of the water that is being ejected. 


SOLUTION 

Consider a time interval At. Let m be the mass of the car plus the water in the tank at the beginning of the 
interval and (m - Am) the corresponding mass at the end of the interval. m (l is the initial value of m. Let v be 
the velocity of the car. Apply the impulse and momentum principle over the time interval. 

VVCAt'l 

+ Ch - 

(vn-Av*X4r + 


mv + 0 = (Am)(/ - u cos 20°) + i - A m)(/ + Av) 

A/77 

Av = u cos 20°-— 

m - Am 

Let Av be replaced by differential dv and Am be replaced by the small differential —dm, the minus sign 
meaning that dm is the infinitesimal increase in m. 

, „„„ d m 

dv = —u cos 20 - 



YO aJ 

A~t 


Horizontal components -i*-; 


(Arri)C 





Integrating, 


v = v 0 - u cos 20° In 


m 


m n 


Since v n = 0, 


v = u cos 20° In - 


m 


The velocity is maximum when m = m f , the value of m when all of the water is expelled. 


Lnax =MCOS 20°ln-^- 


8 ft/s = u cos 20° In 


"7 

0.4 + 2 
0.4 


1 = 4.75 ft/s ◄ 
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PROBLEM 14.91 


The main propulsion system of a space shuttle consists of three identical 
rocket engines which provide a total thrust of 6 MN. Determine the rate 
at which the hydrogen-oxygen propellant is burned by each of the three 
engines, knowing that it is ejected with a relative velocity of 3750 m/s. 


SOLUTION 



Thrust of each engine: 

P = |(6 MN) = 2xl0 6 N 


Eq. (14.44): 

„ dm 

P =- u 

dt 



2x 10 6 N = — (3750 m/s) 
dt 



dm 2x10 6 N 

— = 533 kg/s 4 
dt 


dt 3750 m/s 
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PROBLEM 14.92 

The main propulsion system of a space shuttle consists of three 
identical rocket engines, each of which burns the hydrogen-oxygen 
propellant at the rate of 750 lb/s and ejects it with a relative velocity of 
12000 ft/s. Determine the total thrust provided by the three engines. 


SOLUTION 

From Eq. (14.44) for each engine: 


For the 3 engines: 

,, dm 

P =- u 

dt 

= (7501b/s ? <12000 m 

32.2 ft/s 2 
= 279.50xl0 3 lb 

Total thrust = 3(279.50xlO 3 lb) 

Total thrust = 839,000 lb A 
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PROBLEM 14.93 


A rocket weighs 2600 lb, including 2200 lb of fuel, which is consumed at the rate of 25 lb/s and ejected with a 
relative velocity of 13000 ft/s. Knowing that the rocket is fired vertically from the ground, determine its 
acceleration (a) as it is fired, ( b ) as the last particle of fuel is being consumed. 
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PROBLEM 14.94 



<^a 


A space vehicle describing a circular orbit at a speed of 24xl0 3 km/h 
releases its front end, a capsule which has a gross mass of 600 kg, 
including 400 kg of fuel. If the fuel is consumed at the rate of 18 kg/s 
and ejected with a relative velocity of 3000 m/s, determine (a) the 
tangential acceleration of the capsule as the engine is fired, (b) the 
maximum speed attained by the capsule. 
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PROBLEM 14.95 


A 540-kg spacecraft is mounted on top of a rocket with a mass of 19 Mg, including 17.8 Mg 
of fuel. Knowing that the fuel is consumed at a rate of 225 kg/s and ejected with a relative 
velocity of 3600 m/s, determine the maximum speed imparted to the spacecraft if the rocket 
is fired vertically from the ground. 
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PROBLEM 14.96 

w 


* 


11 


The rocket used to launch the 540-kg spacecraft of Problem 14.95 is redesigned to include 
two stages A and B, each of mass 9.5 Mg, including 8.9 Mg of fuel. The fuel is again 
consumed at a rate of 225 kg/s and ejected with a relative velocity of 3600 m/s. Knowing 
that when stage A expels its last particle of fuel its casing is released and jettisoned, 
determine (a) the speed of the rocket at that instant, ( b ) the maximum speed imparted to 
the spacecraft. 


A 




SOLUTION 


Thrust force: 

,, dm 

P-u - = uq 

dt 

Mass of rocket + unspent fuel: 

-**4 

1 

s° 

II 

s 

Corresponding weight force: 

W = mg 

Acceleration: 

F P-W P uq 

a= = = g= g 

m m m m Q - qt 

Integrating with respect to time to obtain the velocity, 


r t p t qdt 

v — v' n + adt = v n +u\ - gt 

Jo J o m 0 - qt 


-**4 

too 

1 

1 £ 

£ 

s 

1 

>° 

II 

For each stage, 

m fue i = 8900 kg it = 3600 m/s 


q = 225 kg/s t = '” fuel = 8900 = 39.556 s 

q 225 

For the first stage, 

v 0 = 0 m Q = 540 + (2)(9500) = 19,540 kg 

(a) 

v, =0 3600 In 19,540 “ 8900 (9.81)(39.556) = 1800.1 m/s 

1 19,540 


Vj =1800 m/s -4 

For the second stage, 

v 0 = 1800.1 m/s, m 0 - 540 + 9500 = 10,040 kg 

(b) 

v 2 = 1800.1 3600 In 10,040-8900 (9.81)(39.556) = 9244 m/s 

2 10,040 


v 2 = 9240 m/s 4 
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PROBLEM 14.97 

A communication satellite weighing 10,000 lb, including fuel, has been 
ejected from a space shuttle describing a low circular orbit around the 
earth. After the satellite has slowly drifted to a safe distance from the 
shuttle, its engine is fired to increase its velocity by 8000 ft/s as a first 
step to its transfer to a geosynchronous orbit. Knowing that the fuel is 
ejected with a relative velocity of 13,750 ft/s, determine the weight of 
fuel consumed in this maneuver. 


SOLUTION 

Apply the principle of impulse and momentum to the satellite plus the fuel expelled in time At. 




(Am)(/!/+- AaT - u 


$ 


(m - ** ^ 

mv — (m - Am)(v + Av) + (A m)(v + Av — v) 

= mv + m( Av) - (A m)v — (Am)(Av) + (A m)v + (Am)(Av) — (A m)v 

m(Av) — u(Am) = 0 

a dm 

Am = -(At) 

dt 


Av _ dv 
At dt 


u dm 
m dt 


P’i , r 'i u dm , r 

dv = - I- dt = -\ 

J Vn JO 111 dt J ■ 


m i dm 


- dt = -\ u - 


' I" o m 


m x m Q 

Vi - v 0 = — u In —- = u In —- 
m Q tih 


= exp 


V, - V n 
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PROBLEM 14.99 

Determine the distance separating the communication satellite of 
Problem 14.97 from the space shuttle 60 s after its engine has been 
fired, knowing that the fuel is consumed at a rate of 37.5 lb/s. 

PROBLEM 14.97 A communication satellite weighing 10,000 lb, 
including fuel, has been ejected from a space shuttle describing a low 
circular orbit around the earth. After the satellite has slowly drifted to 
a safe distance from the shuttle, its engine is fired to increase its 
velocity by 8000 ft/s as a first step to its transfer to a geosynchronous 
orbit. Knowing that the fuel is ejected with a relative velocity of 
13,750 ft/s, determine the weight of fuel consumed in this maneuver. 


SOLUTION 


Apply the principle of impulse and momentum to the satellite plus the fuel expelled in time At. 

(Aw )(aT +■ A 4/" - U 


- 

M/i r 



(m - +A v } 

-i*-: /77v = (m - A m)(v + Av) + ( Am)(v + Av — v) 

= mv + m(Av) — (A m)v — (Am)(Av) 

+ (A m)v + (Am)(Av) - (A m)v 

m(Av) — u(Am) = 0 

. dm . . . 

Am =-(At) 

dt 

Av dv u dm uq uq 
At dt m dt m m Q - qt 

v = v 0 + f ——— dt = v 0 — u In (m Q - qt)f 
J o m () - qt 

— Vq+u In (m 0 - qt) + u In ?n 0 

f A 


= v 0 - u In 


m Q - qt 
V m o 


Set = v in Eq. (1) and integrate with respect to time. 


x = x 0 + v 0 t + u | In 


f 1 


f m 0 — qt 


dt 


(1) 
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PROBLEM 14.99 (Continued) 


Call the last term x and let 

m Q - qt 


Data: 


z = - 


dz =- dt 


or 


, m o i 

dt - - -dz 


m n 


TOn 


/ rn 0 u rz m 0 u 

x — —-— I lnzdz = ——[(zlnz + z)] 

q J z o (7 


<7 

m Q u 


tn 0 - qt 


m 0 - qt 


l n _5—zil-! 


\ 

( w 

0_ 

ln^-1 

, m o 

l m o )_ 




i 


+ 1 

V m 0 y 

V m 0 J 



In 


rn 0 - qt 


-1 + 1 


m n 


- ut 

L-il 


m 0 


— lit + 


m,M ) — qt 

— -ut In ——— 


= it 


t- 



{q J 


m 0 — qt 


X — x 0 + v 0 t + u 


- 

f \ 

t- 

^-t 


l q J 


m 0 - qt 


*o = 0 v o = 0 ^7 = 37.5 lb/s. 

m 0 = 10,000 lb, t — 60 sec u = 13,750 ft/s 


(2) 


x = 0 + 0 + (13,750) 
= 100,681 ft 


60- 


10,000 


37.5 


-60 


ln- 


10,000 


10,000-(37.5X60) 


x= 19.07 mi A 
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PROBLEM 14.100 

For the rocket of Problem 14.93, determine (a) the altitude at which all the fuel has been consumed, ( b ) the 
velocity of the rocket at that time. 

PROBLEM 14.93 A rocket weighs 2600 lb, including 2200 lb of fuel, which is consumed at the rate of 
25 lb/s and ejected with a relative velocity of 13000 ft/s. Knowing that the rocket is fired vertically from the 
ground, determine its acceleration (a) as it is fired, (b) as the last particle of fuel is being consumed. 
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PROBLEM 14.101 

Determine the altitude reached by the spacecraft of Problem 14.95 when all the fuel of its launching 
rocket has been consumed. 
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PROBLEM 14.102 


For the spacecraft and the two-stage launching rocket of Problem 14.96, determine the altitude at 
which (a) stage A of the rocket is released, ( b ) the fuel of both stages has been consumed. 
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PROBLEM 14.103 


In a jet airplane, the kinetic energy imparted to the exhaust gases is wasted as far as propelling the airplane is 
concerned. The useful power is equal to the product of the force available to propel the airplane and the speed 
of the airplane. If v is the speed of the airplane and u is the relative speed of the expelled gases, show that the 
mechanical efficiency of the airplane is lj — 2v/(u + v). Explain why lj = 1 when u = v. 


SOLUTION 



Let F be the thrust force, and 

dt 

be the mass flow rate. 


Absolute velocity of exhaust: 

v c = u - V 


Thrust force: 

p dm i \ 

F=—{u-v) 

dt 


Power of thrust force: 

dm 

P l =Fv = - (u — v)v 

dt 


Power associated with exhaust: 

P 2 (St) = — (Am)Vg = —(A m)(u - v) 2 



„ 1 dm 2 

P, = - (n-v) 

- 2 dt 


Total power supplied by engine: 

P = P l + P 2 



P = -J - (« - v)v — ~ ( w - v) 2 
dt [_ 2 

1 dm 2 

= - (u -v ) 

2 dt 


Mechanical efficiency: 

useful power /j 
total power P 



2 (u - v)v 

7 1 = 2 2 

U - V 

2 v . 

/7 =- ◄ 

(h + v) 

77 = 1 when u = v. The exhaust, having zero velocity, carries no power away. 
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PROBLEM 14.104 

In a rocket, the kinetic energy imparted to the consumed and ejected fuel is wasted as far as propelling the 
rocket is concerned. The useful power is equal to the product of the force available to propel the rocket and 
the speed of the rocket. If v is the speed of the rocket and u is the relative speed of the expelled fuel, show that 
the mechanical efficiency of the rocket is rj — 2uv/(u : + v 2 ). Explain why tj — 1 when u = v. 


SOLUTION 





Let F be the thrust force and 

dr 

be the mass flow rate. 



Absolute velocity of exhaust: 

v c = U - V 



Thrust force: 

p d m 
dt 

u 



Power of thrust force: 

1\ = Fv = 

dm 

- - uv 

dt 



Power associated with exhaust: 

P 2 ( At) = — (Am)v 2 = —(A m)(u - v ) 2 



n 1 dm / , 2 



Total power supplied by engine: 





p dm 
dt 

uv- — (u - v ) 2 

2 J 

1 dm 2 2 \ 

= -—(« -v ) 

2 dt 


Mechanical efficiency: 

useful power P ] 
total power P 







2uv . 

n= 2 2 < 

(u 2 + v 2 ) 

rj — 1 when u = v. The exhaust, having zero velocity, carries no power away. 
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PROBLEM 14.105 


©0 




Three identical cars are being unloaded from an automobile carrier. 
Cars B and C have just been unloaded and are at rest with their 
brakes off when car A leaves the unloading ramp with a velocity of 
5.76 ft/s and hits car 5, which hits car C. Car A then again hits car B. 
Knowing that the velocity of car B is 5.04 ft/s after the first collision, 
0.630 ft/s after the second collision, and 0.709 ft/s after the third 
collision, determine (a) the final velocities of cars A and C, ( b ) the 
coefficient of restitution for each of the collisions. 
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PROBLEM 14.106 
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PROBLEM 14.107 


An 80-Mg railroad engine A coasting at 6.5 km/h strikes a 20-Mg flatcar C carrying a 30-Mg load B which 
can slide along the floor of the car {ju k = 0.25). Knowing that the car was at rest with its brakes released and 
that it automatically coupled with the engine upon impact, determine the velocity of the car (a) immediately 
after impact, ( b ) after the load has slid to a stop relative to the car. 


30 Mg 



SOLUTION 

The masses are the engine ( m A = 80xl0 3 kg), the load (m B = 30x I O ' kg), and the flat car (m c = 20xl0 3 kg). 

Initial velocities: (v A ) 0 = 6-5 km/h 

= 1.80556 m/s 
( v b)o = ( v c)o = 0- 

No horizontal external forces act on the system during the impact and while the load is sliding relative to the 
flat car. Momentum is conserved. 

Initial momentum: m A ( v A ) 0 + m B (0) + m c (0) = m A ( v A ) 0 (1) 

( a ) Let V be the common velocity of the engine and flat car immediately after impact. Assume that the 
impact takes place before the load has time to acquire velocity. 

Momentum immediately after impact: 

m A v + m B ( 0 ) + m c v' = (m A + m c )v ( 2 ) 

Equating (1) and (2) and solving for v', 

m A(y A )o 
m A + m c 

_ (80x 10 3 )(1.80556) 
flOOxlO 3 ) 

= 1.44444 m/s 

v' = 5.20 km/h —► ◄ 

( b ) Let Vf be the common velocity of all three masses after the load has slid to a stop relative to the car. 
Corresponding momentum: 

m A Vf + m B Vj + m c \’j: = (m A + m B +m c )Vf (3) 
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PROBLEM 14.107 (Continued) 


Equating (1) and (3) and solving for vy. 


™ A (v A ) 0 

y , _ 

m A + m B + m c 


_ (80xl0 3 )(l.80556) 


(130xl0 3 ) 


= 1.11111 m/s 

v f =4.00 km/h—► ◄ 
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PROBLEM 14.108 

In a game of pool, ball A is moving with a velocity Vo when it strikes 
balls B and C which are at rest and aligned as shown. Knowing that 
after the collision the three balls move in the directions indicated and 
that v 0 = 12 ft/s and v c = 6.29 ft/s, determine the magnitude of the 
velocity of ( a ) ball A, ( b ) ball B. 
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A'ki 



m 






PROBLEM 14.109 

Mass C, which has a mass of 4 kg, is suspended from a cord attached 
to cart A, which has a mass of 5 kg and can roll freely on a 
frictionless horizontal track. A 60-g bullet is fired with a speed v 0 = 
500 m/s and gets lodged in block C. Determine (a) the velocity of C 
as it reaches its maximum elevation, (b) the maximum vertical 
distance h through which C will rise. 
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PROBLEM 14.109 (Continued) 


Horizontal components: +—► 


Zmv 2 + Zlmp^, = Zmv 3 


m Bc v ' + 0 = m A v A + m BC v cx 


v A =■ 


l BC 




(v'-v CT ) 


4.06 

5 


(6.9435 -v a ) 


v A = 5.6381-0.812v c;c inm/s 

(a) At maximum elevation. 

Both particles have the same velocity, thus 


( 1 ) 


v A = 5.6381-0.812 v A 

v A = 3.1115 m/s v A =3.11 m/s 4 


(b) Conservation of energy: T 2 +V 2 = T 3 + V 3 


T 2 = m A (0) + ~ m BC ( y/ ) 2 

= ^(4.06)(6.9435) 2 =97.871 J 
V 2 = 0 (datum) 

T 3 = j m A v A + ~m BC (Ax + A y ) 2 

= — (5)(3.1115) 2 + —(4.06)[(3.1115) 2 + 0] = 43.857 J 
2 ' 2 ' 

y 3 = m BC gh = (4.06X9.81 )h = 39.829 h 
97.871 + 0 = 43.857 + 39.829 h 


h = 1.356 m A 


Another method : We observe that no external horizontal forces are exerted on the system consisting of A, B, 
and C. Thus the horizontal component of the velocity of the mass center remains constant. 

m = m A + m B + m c = 5 + 0.06 + 4 = 9.06 kg 

_ m B v 0 cos 0 (0.060 kg)(500 m/s) cos 20° ..... , 

v x - ---=-—-- = 3.1115 m/s 

m A + m B + m c 9.06 kg 

(a) At maximum elevation, v A and v BC are equal. 


v A = 3.1115 m/s 


v A =3.11 m/s—► -4 
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PROBLEM 14.109 (Continued) 


Immediately after the impact of B on C, the velocity v A is zero. 

(m B + m c )v' — (m A + m B + m c )v x 


V' = 


_ m A 


+ m R + m r _ 9.06 


4.06 


-v.. = ■ 


m B + m c 


(3.1115 m/s) = 6.9435 m/s 


r 2 + v 2 = r 3 +v 3 


( b ) Principle of work and energy: 

T 2 ,V-,, and V 3 are calculated as before. 

For T\ we note that the velocities \' A and y' BC relative to the mass center are zero. Thus, Tx is given by 


T 3 = -my 2 = -(9.06X3.1115) 2 = 43.857 J 


As before, h is found to be 


h = 1.356 m A 
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PROBLEM 14.110 


A 15-lb block B is at rest and a spring of constant 
k- 72 lb/in. is held compressed 3 in. by a cord. After 
5-lb block A is placed against the end of the spring, 
the cord is cut causing A and B to move. Neglecting 
friction, determine the velocities of blocks A and B 
immediately after A leaves B. 
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PROBLEM 14.110 (Continued) 


T i+Vi =T 2 +V 2 : 

0 + 27 = 0.10352v^ + 2.5 



v\ = 236.67 ft 2 

v A = 15.38 ft/s—*- 4 

\ B =5.13 ft/s -*— 4 
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PROBLEM 14.111 

Car A was at rest 9.28 m south of the Point O when it was struck in 
the rear by car B, which was traveling north at a speed v B . Car C, 
which was traveling west at a speed v c , was 40 m east of Point O 
at the time of the collision. Cars A and B stuck together and, 
because the pavement was covered with ice, they slid into the 
intersection and were struck by car C which had not changed its 
speed. Measurements based on a photograph taken from a traffic 
helicopter shortly after the second collision indicated that the 
positions of the cars, expressed in meters, were r A = — 10 . li + 
16.9j, r B = —10.li + 20.4j, and r c = -19.8i - 15.2j. Knowing that 
the masses of cars A, B, and C are, respectively, 1400 kg, 1800 kg, 
and 1600 kg, and that the time elapsed between the first collision 
and the time the photograph was taken was 3.4 s, determine the 
initial speeds of cars B and C. 


SOLUTION 

Mass center at time of first collision. 

0 m A + m B + m c = w a( f a) i + »hj( r s) i + m c (r c \ 

4800 Fj = (1400)(—9.28j) + (1800)(-12.8j) + (1600)(40i) 
r l = (13.3333 m)i - (7.5067 m)j 

Mass center at time of photo. 

(m A + m B + m c ) r 2 = m A ( r A ) 2 + m B ( r B ) 2 + m c { r c ) 2 

4800 r 2 = (1400)(—lO.li + 16.9j) + (1800)(—10. li + 20.4j) 

+ (1600)(— 19.8i - 15.2j) 
r 2 = -(13.3333 m)i + (7.5125 m)j 

Since no external horizontal forces act, momentum is conserved and the mass center moves at constant 
velocity. 

0 m A + m B + m c)v = m A {y A \ + m B (y B \ + m c (\ c \ (1) 

f 2 - 1i = vr (2) 

Combining (1) and (2), 

(m A + m B + m c )(r 2 - r,) = [m A {y A \ + m B (y B \ + ?n c (v c ) 1 ] t 
(4800)(-26.6667i + 15.0192j) = [0 + (1800)(v B ) 1 j - (1600)(v c ) 1 i](3.4) 

Components. j: 72092 = 6120(v b )j, (v' B )[ = 11.78 m/s, v B = 42.4 km/h A 

i: - 128000 = -5440 (v c \, (v c )j = 23.53 m/s, v c = 84.7 km/h ◄ 
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PROBLEM 14.112 

The nozzle shown discharges water at the rate of 200 gal/min. Knowing 
that at both B and C the stream of water moves with a velocity of 
magnitude 100 ft/s, and neglecting the weight of the vane, determine 
the force-couple system which must be applied at A to hold the vane in 
place (1 ft 3 = 7.48 gal). 


SOLUTION 


G = - 


200 gal/min 


(7.48 gal/ft 3 )(60 s/min) 

= 0.44563 ft 3 /s 
dm _ yQ 
dt g 

_ (62.4 lb/ft 3 X0.44563 ft 3 /s) 
32.2 ft/s 2 
= 0.8636 lb-s/ft 
\ B - (100 ft/s) j 

v c = (100 ft/s)(sin 40° i + cos 40°j) 


Apply the impulse-momentum principle. 







(Atrij'tJ’ c 


-x components: 


h| y components: 


M A (4t) 
A/Att 


0 + AJAt) = (Am)(100 sin 40°) 

A =—(100sin 40°) 

A r 

= (0.8636)(100 sin 40°) 

(Am)(100) + A y (At) = (Am)(100cos 40°) 

A in 

A v = -(100)(cos40°-l) 

At 

= (0.8636)(100)(cos 40° -1) 
= -20.2 lb 


A.. = 55.5 lb 


A v = 20.2 lb 
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PROBLEM 14.113 

Prior to takeoff the pilot of a 6000-lb twin-engine airplane tests the 
reversible-pitch propellers with the brakes at Point B locked. 
Knowing that the velocity of the air in the two 6.6-ft-diameter 
slipstreams is 60 ft/s and that Point G is the center of gravity of 
the airplane, determine the reactions at Points A and B. Assume 
y — 0.075 lb/ft 3 and neglect the approach velocity of the air. 
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PROBLEM 14.114 

A railroad car of length L and mass m 0 when empty is moving 
freely on a horizontal track while being loaded with sand from 
a stationary chute at a rate dm/dt = q. Knowing that the car was 
approaching the chute at a speed v 0 , determine (a) the mass of 
the car and its load after the car has cleared the chute, ( b ) the 
speed of the car at that time. 


SOLUTION 



Consider the conservation of the horizontal component of momentum of the railroad car of mass m 0 and the 

sand mass qt. 







—^ ~ 

rz •- • > CTL 


m 0 v 0 = (m 0 + qt)v 

f CPtT—-(5^0 * 

v= m ° V ° (1) 



tn 0 + qt 


dx m o v o 



dt m 0 + qt 


Integrating, using 

x 0 = 0 and x = 

- L when t — t L , 

L 

= f ,L vdt=[ ,L m ° V ° dt — m ° v ° [In (m n + qt ,) In m n ] 


J o J o m 0 + qt q 



_ m oVo ln m o + 



q m 0 



II 

+ 

if 

m 0 +C dl _ c qUm„ V „ 


m 0 m 0 v 0 

m 0 

(a) Final mass of railroad car and sand 

m 0 + qt L = m 0 e ?zy ” I ° v ° A 

(b) Using Eq.(l), 

m 0 v 0 

V L ~ ~ 

m 0 V 0 „-qL/m 0 v 0 


ra 0 + qt L 

m 0 



v L =v 0 e- qUm ° v ° ◄ 
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PROBLEM 14.115 

A garden sprinkler has four rotating arms, each of which consists 
of two horizontal straight sections of pipe forming an angle of 120° 
with each other. Each arm discharges water at a rate of 20 L/min 
with a velocity of 18 m/s relative to the arm. Knowing that the 
friction between the moving and stationary parts of the sprinkler is 
equivalent to a couple of magnitude M = 0.375 N • m, determine 
the constant rate at which the sprinkler rotates. 


SOLUTION 


The flow through each arm is 20 L/min. 


q = 


20 L/min 1 min 
1000 L/m 3 60 s 


= 333.33 xl0~ 6 m 3 /s 


—— = pQ — (1000 kg/m 3 )(333.33xl0~ 6 ) 
dt 

= 0.33333 kg/s 


Consider the moment about O exerted on the fluid stream of one arm. Apply the impulse-momentum 
principle. Compute moments about O. Lirst, consider the geometry of triangle OAR. Using first the law of 
cosines, 


(OA) 2 = 150 2 +100 2 - (2)(150)(100) cos 120° 


OA = 217.95 mm = 0.21795 m 


T . sin B sin 120° 

Law of sines: -=- 

100 217.95 

P = 23.413°, a = 60° -,0 = 36.587° 

+ ) Moments about O: 

(A m)(v 0 )(0) + M 0 (At) = (OA)(Am)v s sin a - (OA)(Sm)(OA)co 

M ° ~ ~Kt sin a ~ {OA)2 ^ 

= (0.33333)[(0.21795)(18) sin 36.587° — (0.21795) 2 ry] 
= 0.77945 - 0.015834m 

Moment that the stream exerts on the arm is -M 0 . 

Balance of the friction couple and the four streams 

M f - 4 M 0 =0 

0.375 - 4(0.77945 - 0.015834<y) = 0 

co = 43.305 rad/s 




co- 414 rpm A 
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PROBLEM 14.116 




A chain of length / and mass m falls through a small hole in a 
plate. Initially, when y is very small, the chain is at rest. In 
each case shown, determine (a) the acceleration of the first 
link A as a function of y, (b) the velocity of the chain as the 
last link passes through the hole. In case 1, assume that the 
individual links are at rest until they fall through the hole; in 
case 2, assume that at any instant all links have the same 
speed. Ignore the effect of friction. 


SOLUTION 


Let p be the mass per unit length of chain. Assume that the weight of any chain above the hole is supported by 
the floor. It and the corresponding upward reaction of the floor are not shown in the diagrams. 

Case 1: Apply the impulse-momentum principle to the entire chain. 


^Zero 




zev'o 


+ 

,-P^ 


\f>^m 


1 


pyv + pgyAt = p(y + Ay)(v + Av) 

= pyv + p(Ay)v + py(Av) + p(Ay)(Av) 


Ay Av 

pgy = p -T-' v+ py—+p 

At At 


(Ay)(Av) 

At 


Let At —> 0. 

dy dv 

pgy=p—v+py— 

dt dt 


d 

=p—(yv ) 

dt 

Multiply both sides by yv. 

pgy 2 v = pyvf-(yv) 
dt 

Let v = — on left hand side. 
dt 

2 dy d 

pgy" — - pyv—(y v ) 

dt dt 

Integrate with respect to time. 

pgj y 2 dy = pj (yv)d(yv) 


1 3 1 , -2 

-pgy =-p(yv) 


2 2 

or v =-gy 


(1) 


Differentiate with respect to time. 


. dv 2 dy 2 

2v — = — g — = — gv 
dt 3 dt 3 
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PROBLEM 14.116 (Continued) 


(a) 


dv 1 
a = — = — g 
dt 3 


a = 0.333g, ◄ 


(b) Set y = l inEq.(l). 



v = 0.817^7 ◄ 


Case 2: Apply conservation of energy using the floor as the level from which the potential energy is 
measured. 


Differentiating with respect to y, 

(a) Acceleration: 

( b ) Setting y-I inEq. (2), 


7] =0 

T. 1 2 

A = —mv 
2 

T l+Vl =T 2 + V 2 

n ' 2 

2 

2v— = 
dy 1 


— 0 

v 2 =-pgyj 

1 2 

2 PS> ' 


pgr 
m l 


dv 

a = v— = 
dy 


gy_ 

i 


v 2 = gl 


(2) 


a = ^H 
v = ◄ 


Note: The impulse-momentum principle may be used to obtain the force that the edge of the hole 
exerts on the chain. 
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CHAPTER 15 
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PROBLEM 15.CQ2 

Knowing that wheel A rotates with a constant angular velocity and that no 

24 mm 


slipping occurs between ring C and wheel A and wheel B, which of the 


following statements concerning the angular speeds are true? 


•*—5 mm 

(a) co fl = co i, 

(b ) co n > CO* 

<\Vj 

f 

(c) co„ < CO,, 



(< d ) co a = co f 

(e) the contact points between A and C have the same acceleration 


SOLUTION 


Answer: ( b ) M 
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PROBLEM 15.1 



The brake drum is attached to a larger flywheel that is not shown. The 


\fif 

UlT £ 

motion of the brake drum is defined by the relation 0 = 36/ —1.6/", 
where 9 is expressed in radians and / in seconds. Determine (a) the 


D angular velocity at / = 2 s, (b) the number of revolutions executed by the 


\'V 

brake drum before coming to rest. 








SOLUTION 


Given: 9 = 36/ -1.6/ 2 radians 

Differentiate to obtain the angular velocity. 




<« = —= 36-3.2/ 
dt 

rad/s 

(a) 

At r = 2 s, 

co = 36 — (3.2)(2) 


(b) 

When the rotor stops, 

co-0. 




0 = 36-3.2/ 

/ = 11.25 s 


(O = 29.6 rad/s -4 


In revolutions, 


9 = (36)(11.25) - (1.6)(11.25) 2 = 202.5 radians 

a 202.5 . 

9 — - 9 — 32.2 rev 

In 
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PROBLEM 15.2 

The motion of an oscillating crank is defined by the relation# = 6 0 sin (nt/T) - (0.5# 0 ) sin (2 nt!T), where 6 is 
expressed in radians and t in seconds. Knowing that 0 {) = 6 rad and T - 4 s, determine the angular 
coordinate, the angular velocity, and the angular acceleration of the crank when ( a) t - 0, (b) t- 2 s. 
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PROBLEM 15.3 

The motion of a disk rotating in an oil bath is defined by the relation 9 — 0 Q (1 - e ~" A ), where 0 is expressed in 
radians and t in seconds. Knowing that 9 {) = 0.40 rad, determine the angular coordinate, velocity, and 
acceleration of the disk when (a) t - 0, (b) t- 3 s, (c) t = °°. 


SOLUTION 

■'t 

T 

1 

© 

© 

II 



oo = — = i(0.40)e“ f/4 =0.10e -,/4 
dt 4 

a = — = - —(0.10)e _,/4 = -0.025e _f/4 
dt 4 


II 

© 

6> = 0.40(1 -e°) 

6> = 0 ◄ 


co = 0A0e° 

co- 0.1000 rad/s 4 


a - -0.025e° 

a = -0.0250 rad/s 2 ◄ 

( b ) t = 3 s: 

9 = 0.40(1 — e _3/4 ) 



= 0.40(1-0.4724) 

6> = 0.211 rad ◄ 


tfj = 0.10e- 3/4 



= 0.10(0.4724) 

(0 - 0.0472 rad/s A 


a = -0.025e" 3/4 



= -0.025(0.4724) 

a = -0.01181 rad/s 2 ◄ 

(c) t = °°: 

9 = 0.40(1 -e -00 ) 



= 0.40(1-0) 

9 - 0.400 rad ◄ 


&) = 0.10e“°° 

co-0 ◄ 


a - -0.025e“°° 

a- 0 ◄ 
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PROBLEM 15.4 

The rotor of a gas turbine is rotating at a speed of 6900 rpm when the turbine is shut down. It is observed that 
4 min is required for the rotor to coast to rest. Assuming uniformly accelerated motion, determine (a) the 
angular acceleration, (b) the number of revolutions that the rotor executes before coming to rest. 


SOLUTION 

co 0 = 6900 rpm 

= 122.51 rad/s 

t = 4 min = 240 s 


(a) 

co = co 0 + at-. 

0 = 722.57 + a(240) 



a = -3.0107 rad/s 

a = -3.01 rad/s 2 4 

(b) 

6 = co Q t + -at 2 = (722.57)(240) + -(-3.0107)(240) 2 

6 = 173,416 - 86,708 = 86,708 rad 



0 = 86,708 rad 

1 rev 

v 2;rrad J 

0 = 13,80 rev ◄ 
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PROBLEM 15.5 

A small grinding wheel is attached to the shaft of an electric motor 
which has a rated speed of 3600 rpm. When the power is turned 
on, the unit reaches its rated speed in 5 s, and when the power is 
turned off, the unit coasts to rest in 70 s. Assuming uniformly 
accelerated motion, determine the number of revolutions that the 
motor executes (a) in reaching its rated speed, (b) in coasting 
to rest. 


SOLUTION 



For uniformly accelerated motion, 



(O = co 0 + at 

(1) 


1 ? 

0 = 0 O +a> 0 t + —at 

(2) 

(a) Data for start up: 

— 0, 


At t- 5 s, 

co = 3600 rpm = ^(3600) _ y20n ra d/s 

60 


From Eq. (1), 

120/r = a( 5) a = 24/r rad/s 2 


From Eq. (2), 

6 = 0 + 0 + ^-(24;r)(5) 2 = 300/r radians 


In revolutions, 

300/r 

U = 

2 n 

0 = 150 rev 4 

( b ) Data for coasting 

to rest: 



0 Q =0, co 0 - 120/r rad/s 


At r = 70 s, 

co-0 


From Eq. (1), 

0 = 120/r a(10) a = 1 ' 20 * rad/s 

70 


From Eq. (2), 

6 = 0 + (120/r)(70) ( 120;r)(7()) = 4200/r radians 

2(70) 


In revolutions, 

. 4200/r 

U = 

2n 

0 = 2100 rev 
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PROBLEM 15.6 

A connecting rod is supported by a knife-edge at Point A. For small oscillations 
the angular acceleration of the connecting rod is governed by the relation a = -66 
where cris expressed in rad/s 2 and 6 in radians. Knowing that the connecting rod is 
released from rest when 6 = 20°, determine (a) the maximum angular velocity, 
( b ) the angular position when t — 2 s. 


SOLUTION 

Angular motion relations: 


dco codco 

a =-=-= -66 

dt d6 


Separation of variables co and Ogives 

codco--66d6 

Integrating, using co — 0 when 6 = 6 0 , 


r (O r 8 

codco-- 6 6d6 

Jo J 


-3(# 2 -6l)~ 3(# 0 2 - 6 2 ) 


or = 6 ( 6> 0 2 - 6 2 ) 


co 


f6(6 2 -6 2 ) 


6 0 = 20° = 0.34907 radians 


(a) co is maximum when 6-0. 

Data: 

ty 2 ax = 6(0.34907 2 -0) = 0.73108 rad 2 /s 
d6 


„ dd 

(b) From CO = — we get 
dt 


, d6 1 

dt — -= 

CO 


S ^6 2 -6 2 


Integrating, using t — 0 when 6-6 0 
r' 1 r e d6 

Jo* = XJ. 


V6 J s <> - 6 

1 2-1 0 

t = —^cos — 

V6 6 0 


1 

S 


0-cos 


6a 


1 6 

= —^cos - 

\[6 6 0 


(1) 


= 0.855 rad/s A 


6 = 6 0 cos(V6t) = 0.34907 cos[(V6)2] = (0.34907)(0.18551) = 0.064756 radians 


6 = 3.71° ◄ 
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PROBLEM 15.7 

When studying whiplash resulting from rear end collisions, the rotation of the head is 
of primary interest. An impact test was performed, and it was found that the angular 
acceleration of the head is defined by the relation cr = 700cos# + 70sin# where a is 
expressed in rad/s 2 and 6 in radians. Knowing that the head is initially at rest, 
determine the angular velocity of the head when 6- 30°. 


SOLUTION 

Angular motion relations: 

Separating variables co and <9 gives 

Integrating, using co — 0 when 6-0, 


dco codco . 

a =-=-= 700 cos 6 + 10 sin 6 

dt d6 


codco- (100cos6 + 10sin6)d6 


Data: 


r (O r 6 

codco- (700cos# + 10smd)d6 

Jo Jo 


^-or = (700sin #-70cos 6) 


= 700 sin <9 + 70(1- cos 6) 
co - f 400sin # +140(1 - cos #) 

6 = 30° = —rad 

6 


With calculator set to “degrees” for trigonometric functions, 

CO = ^1400sin 30° +140(1 - cos 30°) = 26.8 rad/s 

With calculator set to “radians” for trigonometric functions, 

co = yjl 400sin(yr/6) + 140(1 - cos(;r/6)) = 26.8 rad/s 


CO- 26.8 rad/s A 
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PROBLEM 15.8 

The angular acceleration of an oscillating disk is defined by the relation a - —kd. Determine (a) the value of k for 
which co- 8 rad/s when 9 - 0 and 9-4 rad when (0- 0, (b) the angular velocity of the disk when 9 = 3 rad. 
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PROBLEM 15.9 

2 

The angular acceleration of a shaft is defined by the relation a = -0.25 CO, where a is expressed in rad/s 
and co in rad/s. Knowing that at t — 0 the angular velocity of the shaft is 20 rad/s, determine (a) the number 
of revolutions the shaft will execute before coming to rest, (b) the time required for the shaft to come to rest, 
(c) the time required for the angular velocity of the shaft to be reduced to 1 percent of its initial value. 


SOLUTION 

a = -0.25 co 

dco 

co — = -0.25co 
d6 

d'co- -0.25c!0 


(a) 

f° dco = -025[ e d6\ (0-20) = -0.256>; <9 = 80 rad 

I 20 rad/s J 0 



rev 

0 = (80 rad) 

In rad 

0 - 12.73 rev A 

(b) 

J 

a = -025co\ — = -0.25 co\ — = -0.25 dt 

dt CO 

* co /7/?) p t 

-= —0.25 r dt llnryl®, =-0.25f 

20 rad/s CO J 0 



t - --—(In co- In 20) = 4(ln 20 - In co) 

0.25 



a, 20 

t = 4 In — 

CO 

(1) 

For co-0 

8 

ll 

8|° 

ii 

t-00 -4 

(c) For 

co-0.01cOq - 0.01(20) = 0.2 rad 


Use Eq. (1): 

(20^ 

t = 4 In — =4 In 100 = 4(4.605) 

10.2J 

r = 18.42 s ◄ 
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SOLUTION 


EA 2 =0.4 2 +0.4 2 +0.2 2 
EA = 0.6 m 

r c/E = “(0.4 m )i + (0.15 m)j 
EA = -(0.4 m)i + (0.4 m) j + (0.2 m)k 

X EA = — = — (-0.41 + 0.4j + 0.2k) = - (-2i + 2 j + k) 


EA 0.6 


1 


co = co AE X EA = (9 rad/s) —(-2i + 2j + k) 

CO = -(6 rad/s)i + (6 rad/s)j + (3 rad/s)k 

i j k 


v c - coxr c/£ 


-6 6 3 

-0.4 0.15 0 


-0.45i - 1.2j + (-0.9 + 2.4)k 


v c = -(0.45 m/s)i - (1.2 m/s)j + (1.5 m/s)k 4 


a Ac xr c/£ + (®xr c/£ )- a AC xr c/£ + cox v, 


a c -0 + 


i j k 

-6 6 3 

0.45 -1.2 1.5 
= (9 + 3.6)i + (-1.35 + 9)j + (7.2 + 2.7)k 

a c =(12.60 m/s 2 )i +(7.65 m/s 2 )j +(9.90 m/s 2 )k A 
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PROBLEM 15.11 

In Problem 15.10, determine the velocity and acceleration 
of corner 5, assuming that the angular velocity is 9 rad/s 
and increases at the rate of 45 rad/s 2 . 

PROBLEM 15.10 The bent rod ABCDE rotates about a 
line joining Points A and E with a constant angular velocity 
of 9 rad/s. Knowing that the rotation is clockwise as viewed 
from E, determine the velocity and acceleration of corner C. 


SOLUTION 


EA 2 = 0.4 2 + 0.4 2 + 0.2 2 


EA = 0.6 m 

r BIA = “(O' 25 m )J 

EA = -(0.4 m)i + (0.4 m)j + (0.2 m)k 


. _EA_ 

A 17 A - — 

EA 


-0.4i + 0.4j + 0.2k 'l _ 1 


0.6 


--(-2i + 2j + k) 


co = a) AE \ EA =(9 rad/s)—(-2 i + 2 j + k) 

CO = -(6 rad/s)i + (6 rad/s)j + (3 rad/s)k 
\ B - cox r B/A = (-6i + 6j + 3k) x (-0.25)j = 1.5k + 0.75i 


\ B =(0.75 m/s)i + (1.5 m/s)k -4 


, 1 

a = a AE X EA = (45 rad/s")—(-2i + 2j + k) 

a = -(30 rad/s 2 )i + (30 rad/s 2 )j + (15 rad/s 2 )k 
a B = axr B/A + cox (cox r B/A ) = axr B/A + cox v B 



i 

j 

k 


i 

j 

k 

a 5 - 

-30 

30 

15 

+ 

-6 

6 

3 


0 

-0.25 

0 


0.75 

0 

1.5 


= 3.75i + 7.5k + 9i + (2.25 + 9)j - 4.5k 


a B =(12.75 m/s’)! + (11.25 m/s 2 )j + (3 m/s 2 )k 4 
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PROBLEM 15.12 



The assembly shown consists of the straight rod ABC which 
passes through and is welded to the rectangular plate DEFH. 
The assembly rotates about the axis AC with a constant 
angular velocity of 9 rad/s. Knowing that the motion when 
viewed from C is counterclockwise, determine the velocity 
and acceleration of corner F. 


SOLUTION 

AC = (14 in.)i - (8 in.)j + (8 in.)k AC = 18 in. 

X AC =^= 14l ~^ + 8k = (0.77778i - 0.44444j + 0.44444k) 

CO = a>l AC = (9 rad/s)(0.77778i - 0.44444j + 0.44444k) 

00 = (7 rad/s)i - (4 rad/s)j + (4 rad/s)k a = 0 

Corner F: r F/B = (-7 in.)i + (4 in.)k 

= -(0.58333 ft)i + (0.33333 ft)k 
\ F — a>xr F/B 

i j k 
= 7-44 

-0.58333 0 0.33333 

= -1.33331 - 4.6667j - 2.3333k 

\ F =-(1.333 ft/s)i - (4.67 ft/s)j - (2.33 ft/s)k 4 

a- 0 

a F — exxr F j B + cox (cox r F / F ) 

= 0 + coxv F 
a F = cox v F 

i j k 

= 7 -4 4 

-1.3333 -4.6667 -2.3333 
= (28.0)1 + (11.0) j + (—38.0)k 

a F =(28.0 ft/s 2 )i +(11.00 ft/s 2 )j-(38.0 ft/s 2 )k ◄ 
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PROBLEM 15.13 



In Problem 15.12, determine the acceleration of corner H, 
assuming that the angular velocity is 9 rad/s and decreases at 
a rate of 18 rad/s 2 . 

PROBLEM 15.12 The assembly shown consists of the 
straight rod ABC which passes through and is welded to the 
rectangular plate DEFH. The assembly rotates about the axis 
AC with a constant angular velocity of 9 rad/s. Knowing that 
the motion when viewed from C is counterclockwise, 
determine the velocity and acceleration of corner F. 


SOLUTION 

AC = (14 in.)i - (8 in.)j -t- (8 in.)k AC — 18 in. 

Z AC = ^ = 14l ~ ] 8 g + 8k = (0-77778i - 0.44444j + 0.44444k) 

to = ojA ac = (9 rad/s)(0.77778i - 0.44444j + 0.44444k) 

CO = (7 rad/s)i - (4 rad/s)j + (4 rad/s)k 

or = -18 rad/s 2 ; a = C(A AC =(-18 rad/s 2 )(0.77778i-0.44444j +0.44444k) 
a = -(14 rad/s 2 )i + (8 rad/s 2 )j - (8 rad/s 2 )k 

Corner H: r H/B - (7 in.)i + (4 in.)k 

= (0.58333 ft)i +(0.33333 ft)k 
i j k 
= 7-44 

0.58333 0 0.33333 

= -1.3333i + 2.3333k \ H =-(1.333 ft/s)i + (2.33 ft/s)k ◄ 


a H =axr fl(s +cox(coxr H/B ) 
= axr H/B +coxv H 



i 

j 

k 


i 

j 

k 

a H = 

-14 

8 

-8 

+ 

7 

-4 

+4 


0.58333 

0 

0.33333 


-1.3333 

0 

2.3333 


= 2.6667i + Oj - 4.46667k - 9.3333i - 21.667j - 5.3333k 


a H =-(6.67 ft/s 2 )i -(21.7 ft/s 2 )j-(10.00 ft/s 2 )k ◄ 
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PROBLEM 15.14 

A circular plate of 120 mm radius is supported by two 
bearings A and B as shown. The plate rotates about the 
rod joining A and B with a constant angular velocity of 
26 rad/s. Knowing that, at the instant considered, the 
velocity of Point C is directed to the right, determine the 
velocity and acceleration of Point E. 


SOLUTION 


Point E: 


BA = -(100 mm)j+ (240 mm)k 


; - B A- 

BA BA 


-(100)j + (240)k 


co = co/l BA = 26 


260 

^J(-(100)j+(240)k) 


BA = 260 mm 
a -0 


rEiA = (120 mm)i - (80 mm)j - (120 mm)k 
\ E = tox r EIA 

i j k 

= 0 -10 24 

120 -80 -120 

= (3120 mm/s)i + (2880 mm/s)j + (1200 mm/s)k 

\ E =(3.12 m/s)i + (2.88 m/s)j + (1.200m/s)k A 

a E =axr E/A +cox(coxr £M ) = 0 + (oxv B 
a E = cox v B 

i j k 

= 0 -10 24 

3120 2880 1200 

= -(81120 mm/s 2 )i + (74880 mm/s 2 )j + (31200 mm/s 2 ) 


a E = -(81.1 m/s 2 )i + (74.9 m/s 2 )j + (31.2 m/s 2 )k A 
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PROBLEM 15.15 

In Problem 15.14, determine the velocity and acceleration of Point E, assuming that the angular velocity is 
26 rad/s and increases at the rate of 65 rad/s 2 . 


SOLUTION 


See Problem 15.14 for X BA and co 


Point E : 


'Xba ~ 


-(100)j + (240)k 


260 

(O- (10 rad/s)j = (24 rad/s)k 

a = +65 rad/s 2 ; a = a/L BA = (65 rad/s 2 ) j - (100)j + (240)k 
a = -(25 rad/s 2 )j + (60 rad/s 2 )k 


l EIA 


■ (120 mm)i - (80) j - (120)k 

i j k 

0 -10 24 

120 -80 -120 
(3120 mm/s)i + (2880 mm/s)j + (1200 mm/s)k 


\ E -(3.12 m/s)i + (2.88 m/s)j +(1.200 m/s)k M 


a D = ocxr £M + cox (a>xr £M ) = axr £H + cox v 


i 

j 

k 


i 

j 

k 

0 

-25 

60 

+ 

0 

-10 

24 

120 

-80 

-120 


3120 

2880 

1200 


= -(7800 mm/s 2 )i + (7200 mm/s 2 )j + (3000 mm/s 2 )k 


(81120 mm/s 2 )i + (74880 mm/s’ )j + (31200 mm/s’jk 

a B --(13320 mm/s 2 )i +(82080 mm/s 2 )j +(34200 mm/s 2 )k 
= -(73.3 m/s 2 )i + (82.1 m/s 2 )j +(34.2 m/s 2 )k 
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PROBLEM 15.16 

The earth makes one complete revolution around the sun in 365.24 days. Assuming that the orbit of the earth 
is circular and has a radius of 93,000,000 mi, determine the velocity and acceleration of the earth. 
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PROBLEM 15.17 

The earth makes one complete revolution on its axis in 23 h 56 min. Knowing that the mean radius of the 
earth is 3960 mi, determine the linear velocity and acceleration of a point on the surface of the earth 

(a) at the equator, (b) at Philadelphia, latitude 40° north, (c) at the North Pole. 


SOLUTION 


23 h 56 m = 23.933 h 

2k rad 

CQ = 


(23.933 h)(») 
= 72.925 xl0“ 6 rad/s 


R = (3960 mi) 


5280 ft 


mi 


= 20.91xl0 6 ft 
r = radius of path 
= R cos 0 



(a) Equator: Latitude = 0 = 0 


v = rco 
= R( cos 0 )co 

= (20.9Ixl0 6 ft)(l)(72.925xl0~ 6 rad/s) v = 1525 ft/s ◄ 

a = rco 2 
= R (cos 0) or 

= (20.91xl0 6 ft)(l)(72.925xl0~ 6 rad/s) 2 a = 0.1112 ft/s 2 ◄ 

( b ) Philadelphia: Latitude - 0- 40° 

v = rco 

= R( cos 40°)<y 

= (20.91 x 10 6 ft)( cos 40°)(72.925 x 10 -6 rad/s) v = 1168 ft/s ◄ 


a = rco 2 

= Ricos 40 °)or 

= (20.91x10 s ft)(cos40°)(72.925xl0~ 6 rad/s) 2 a = 0.0852 ft/s 2 ◄ 

(c) North Pole: Latitude =0 = 0 

r-RcosO-O v-a-OA 
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PROBLEM 15.18 

A series of small machine components being moved by a 
conveyor belt pass over a 120 mm radius idler pulley. At the 
instant shown, the velocity of Point A is 300 mm/s to the left 
and its acceleration is 180 mm/s" to the right. Determine (a) the 
angular velocity and angular acceleration of the idler pulley, 
( b ) the total acceleration of the machine component at B. 


SOLUTION 





v B = v A = 300 mm/s -*— r B = 120 mm 




( a B ), = a A - 180 mm/s —► 


(a) 

v B = a)r B , 

Vo 300 'A 

a>- — ~ - = 2.5 rad/s ) 

r B 120 y 

© = 2.50 rad/s A 


(a B ), =ar B , 

a '.= (c1b) ' = 180 = 1.5 rad/s ) 
r B 120 

a = 1.500 rad/s 2 A 

(b) 


(a B ) n = r B co 2 = (120)(2.5) 2 = 750 mm/s 2 1 




a B = f a B ) 2 + (a B ) 2 = f \ 80) 2 + (750) 2 = 771 mm/s 2 



750 

tan B = ——, B = 16.5° 

180 

a B = 771 mm/s 2 ^ 76.5° ◄ 
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PROBLEM 15.20 

The belt sander shown is initially at rest. If the driving drum B 
has a constant angular acceleration of 120 rad/s 2 counter¬ 
clockwise, determine the magnitude of the acceleration of the 
belt at Point C when (a) t = 0.5 s, (b) t — 2 s. 
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PROBLEM 15.21 

The rated speed of drum B of the belt sander shown is 2400 rpm. 
When the power is turned off, it is observed that the sander coasts 
from its rated speed to rest in 10 s. Assuming uniformly decelerated 
motion, determine the velocity and acceleration of Point C of the 
belt, (a) immediately before the power is turned off, (b) 9 s later. 


SOLUTION 

a> 0 = 2400 rpm 

= 251.3 rad/s 

r = 0.025 m 


(a) 

v c = rco- (0.025 m)(251.3 rad/s) 

v c = 6.28 m/s -4 


a c = rco 2 = (0.025 m)(251.3 rad/s) 2 

a c = 1579 m/s 2 4 

( b) When t— 10 s: 

co-0. 



CO-COq+M 

0 = 251.3 rad/s+ cr(10s) 

a = -25.13 rad/s 2 


When t- 9 s: 

co-co Q +at 

co 9 =251.3 rad/s - (25.13 rad/s 2 )(9 s) 

= 25.13 rad/s 



v c = rco, 

= (0.025 m)(25.13 rad/s) 

v 9 - 0.628 m/s 4 


( a c)i = ra n 

= (0.025 m)(-25.13 rad/s 2 ) 

(a c ), = 0.628 m/s 2 
(a c )„ =ra% 

= (0.025 m)(25.13 rad/s) 2 
(a c ) n =15.79 m/s 2 



a c ~ ( fl c)f + ( a cXt 

= (0.628 m/s 2 ) 2 + (15.79 m/s 2 ) 2 

a c = 15.80 m/s 2 4 
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PROBLEM 15.22 

The two pulleys shown may be operated with the V belt in any of 
three positions. If the angular acceleration of shaft A is 6 rad/s 2 
and if the system is initially at rest, determine the time required 
for shaft B to reach a speed of 400 rpm with the belt in each of the 
three positions. 


SOLUTION 




Angular velocity of shaft A: 

£ 

ii 

£ 



Belt speed: 

v = r A a) A = r B C0 B 



Angular speed of shaft B: 

v r A a A t 

co B = = 

r B r B 



Solving for t. 

3 55 
^ C* 

II 



Data: a A = 6 rad/s, 

(0 B = 400 lpm = 41.889 rad/s 




t= r ° • 41-889 =6.9813 Tb = 6.9813 ^ 

>~a 6 r A d A 



Belt at left: 

d B 2 in. 
d A 4 in. 

C0 

ON 

CO 

II 

◄ 

Belt in middle: 

d B 3 in. 
d A 3 in. 

t = 6.98 s 

◄ 

Belt at right: 

d B 4 in. 
d A 2 in. 

t = 13.96 s 

◄ 
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PROBLEM 15.23 


Three belts move over two pulleys without slipping in the speed 
reduction system shown. At the instant shown the velocity of 
Point A on the input belt is 2 ft/s to the right, decreasing at the 
rate of 6 ft/s 2 . Determine, at this instant, ( a ) the velocity and 
acceleration of Point C on the output belt, ( b ) the acceleration of 
Point B on the output pulley. 
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PROBLEM 15.23 (Continued) 


(a) Velocity and acceleration of Point C. 


v c = r 3 ca. 


f o \ 


V12 j 


(3) = 0.5 ft/s 


(a c ), = r 3 a 2 


( o A 


v 12 j 


(9) = 1.5 ft/s 2 


(b) Acceleration of Point B. 


(ct B ) n =r 4 ( 0 1 =\ — \(3) =3 ft/s 


(a B ) t = r 4 a 2 = 


— I (9) = 3 ft/s 

vl2 . 


v c = 0.5 ft/s —► A 
a c = 1.5 ft/s 2 -— A 


( a B )„ - 3 ft/s 2 — 


(a B ), =3 ft/s 2 { 
a B -4.24 ft/s 2 ^45° ◄ 
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PROBLEM 15.24 

A gear reduction system consists of three gears A, B, and C. Knowing 
that gear A rotates clockwise with a constant angular velocity 
C0 A — 600 rpm, determine (a) the angular velocities of gears B and C, 
( b ) the accelerations of the points on gears B and C which are in contact. 


SOLUTION 

(a) 


(0 A = 600 rpm = 


(600)(2;r) 

60 


= 20;r rad/s. 


Let Points A, B, and C lie at the axles of gears A, B, and C, respectively. 
Let D be the contact point between gears A and B. 

v D = t'D/A^A ~ (2)(20tt) = 40;r in./s | 


(On =' 


v n 40;r 


= 10;r rad/s = \0k • — = 300 rpm X ) 
4 In J 


(j) B = 300 rpm A 


Let E be the contact point between gears B and C. 

v E = r E , B co g = (2)(10 n) = 20 n in./s | 

v F 20;r 


co c = = 3.333 n rad/s = (3.333^) — = 100 rpm ) 


'EIC 


2 n 


(0 C = 100 rpm A 


(b) Accelerations at Point E. 
On gear B: 


v\ _ (20;r) 2 


= 1973.9 in./s 2 


'E/B 


a B = 1974 in./s 2 —◄ 


On gear C: 


a c =^= {2QK) = 658 in./s 2 - 

r E!C & 


a r = 658 in./s" 
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PROBLEM 15.25 

A belt is pulled to the right between cylinders A and B. Knowing that the 
speed of the belt is a constant 5 ft/s and no slippage occurs, determine 
( a ) the angular velocities of A and B. (I?) the accelerations of the points 
which are in contact with the belt. 


SOLUTION 



(a) 

Angular velocities. 



Disk A: 

v P 5 ft/s 

co A = — = - 

(4/12) ft 

co A =15.00 rad/s X 4 


Disk B: 

v P 5 ft/s 

d} B - — - - 

r B (8/12) ft 

(Dg = 7.50 rad/s X A 

(b) 

Accelerations of contact points. 



Disk A: 

a A = ( 0 \r A = (15.00 rad/s) 2 ((4/12) ft) 

a A =75.00 rad/s 2 j A 


Disk B: 

a B — (o B r B — (7.50 rad/s) 2 ((8/12) ft) 

a B =37.5 rad/s 2 , A 
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PROBLEM 15.26 

Ring C has an inside radius of 55 mm and an outside radius of 60 mm and 
is positioned between two wheels A and B, each of 24-mm outside radius. 
Knowing that wheel A rotates with a constant angular velocity of 300 rpm 
and that no slipping occurs, determine (a) the angular velocity of the ring 
C and of wheel B. (I?) the acceleration of the Points of A and B which are in 
contact with C. 
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PROBLEM 15.26 (Continued) 


( b ) Accelerations: 

Point on rim of A: 


Point on rim of B: 


r A = 24 mm = 0.024 m 

a A = >Wa 

= (0.024 m)(31.416 rad/s) 2 
= 23.687 m/s 2 

co B = 275 rpm 
= 28.798 rad/s 

a B ~ r B®B 

= (0.024 m)(28.798 rad/s) 2 
= 19.904 m/s 2 



a A = 23.7 m/s 2 -4 


a B =19.90 m/s 2 1 ◄ 
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PROBLEM 15.28 

A plastic film moves over two drums. During a 4-s interval the speed 
of the tape is increased uniformly from v 0 = 2 ft/s to Vi = 4 ft/s. 
Knowing that the tape does not slip on the drums, determine (a) the 
angular acceleration of drum B, (b) the number of revolutions 
executed by drum B during the 4-s interval. 


SOLUTION 


Belt motion : 

v = v 0 + at 

4 ft/s = 2 ft/s + a{ 4 s) 


4 ft/s - 2 ft/s 2 y ■ ,2 

a = - = 0.5 ft/s = 6 m./s 

4s 

Since the belt does not slip relative to the periphery of the drum, the tangential accelation at the periphery of 
the drum is 


a t — 6 in./s 2 

(a) Angular acceleration of drum B. 


a 6in./s 1 _ 2 \ ^ 

a B - — - - a B = 0.400 rad/s" 1 4 

r B 15 in. 

(b) Angular displacement of drum B. 

At t = 0, 

v 0 24 in./s 

co 0 = — = - = 1.6 rad/s 

r B 15 in. 

> 

ii 

y: 

v, 48 in./s 

d\ = — =-= 3.2 rad/s 

r B 15 in. 

ay^ — afj + 2 a B 0 B 

0 B = 4 - 4 _ ( 3 -2) 2 - (1 -6) 2 _ 9 ^ ra(i j a n s 

2 a B (2)(0.400) 

In revolutions, 

9 6 

e B =— e B =1.528 rev ◄ 

In 
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D* 


A 

/120 mm 


180 min 




dA 



PROBLEM 15.29 

A pulley and two loads are connected by inextensible cords as shown. Load A has 
a constant acceleration of 300 mm/s 2 and an initial velocity of 240 mm/s, both 
directed upward. Determine (a) the number of revolutions executed by the pulley 
in 3 s, (b) the velocity and position of load B after 3 s, (c) the acceleration of 
Point D on the rim of the pulley at t - 0. 
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PROBLEM 15.29 (Continued) 


(c) Point D: 


r = 180mm t- 0 

(a D ), =ra = (180 mm)(2.5 rad/s 2 ) = 450 mm/s 2 
( ci D ) n = raft = (180 mm)(2 rad/s) 2 = 720 mm/s 2 

(a c ) n = 720 mm/s 2 —► 





V [*o) *?»***/*■ 


a D = 849 mm/s 2 32.0° ◄ 
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PROBLEM 15.31 

s 

<? 


A load is to be raised 20 ft by the hoisting system shown. Assuming 

r 

p 


gear A is initially at rest, accelerates uniformly to a speed of 120 rpm 

18 in. 

15 i». 

in 5 s, and then maintains a constant speed of 120 rpm, determine 


(a) the number of revolutions executed by gear A in raising the load, 



( b ) the time required to raise the load. 

t 

\^Load 



SOLUTION 


The load is raised a distance h = 20 ft = 

240 in. 

For gear-pulley B, radius to rope groove is r\ — 15 in. 

Required angle change for B: 

0 B = — = 4^ = 16 radians 

B h 15 

Circumferential travel of gears A and B 

s = r 2 0 B = r A 0 A where /y = 18 in. and r A — 3 in. 

5 = (18 in.)(16 radians) = 288 in. 

(a) Angle change of gear A\ 

0, = — = 4^- = 96 radians 

r A 3 

In revolutions, 

96 

0 A = —— 0 A =15.28 rev ◄ 

In 

(h) Motion of gear A. 

a> 0 = 0, C0j■ -120 rpm = An rad/s 

Gear A is uniformly accelerated over the first 5 seconds. 


co f -co 0 rad/s 2 

a = — -=-= 2.5133 rad/s 

t 5 s 


0 A =\at 2 =^(2.5133)(5) 2 =31.416 radians 

The angle change over the constant speed phase is 


A0 = 0 A - 0 = 96 - 31.416 = 64.584 radians 

For uniform motion, 

A0 = 0J f (At) 


. A0 64.584 

A t= = =5.139s 

co f An 

Total time elapsed: 

t^^Ss + At ty=10.14s A 
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PROBLEM 15.32 

Disk B is at rest when it is brought into contact with disk A which 
is rotating freely at 450 rpm clockwise. After 6 s of slippage, 
during which each disk has a constant angular acceleration, 
disk A reaches a final angular velocity of 140 rpm clockwise. 
Determine the angular acceleration of each disk during the 
period of slippage. 


SOLUTION 

Disk A : (co A ) 0 = 450 rpm = 47.124 rad/s J 

When t- 6 s: C 0 A = 140 rpm = 14.661 rad/s J) 

(O A — 

14.661 rad/s = 47.124 rad/s + cr A (6 s) 

a A = -5.41 rad/s a A = 5.41 rad/s 2 ' 4 

Disk B : co 0 = 0 

When t- 6s: (end of slippage) 

+| r A co A =r B ( 0 B : (3in.)(14.661 rad/s) = (5 in.){co B ) 

co B = 8.796 rad/s x ) 

o) B — (co B )q + a B t 
8.796 rad/s = 0 + a B (6 s) 

a B = 1.466 rad/s 2 a B = 1.466 rad/s 2 -4 
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PROBLEM 15.33 

A simple friction drive consists of two disks A and B. Initially, 
disk A has a clockwise angular velocity of 500 rpm and disk B is 
at rest. It is known that disk A will coast to rest in 60 s. However, 
rather than waiting until both disks are at rest to bring them 
together, disk B is given a constant angular acceleration of 
2.5 rad/s 2 counterclockwise. Determine (a) at what time the disks 
can be brought together if they are not to slip, (b) the angular 
velocity of each disk as contact is made. 


SOLUTION 




Disk A: 


{co A ) Q = 500 rpm = 52.36 rad/s ^ 


Disk A will coast to rest in 60 s. 




®A=(®A>0 

+ a A t, 0 = 52.36 rad/s + a A (60 s) 




a A = -0.87266 rad/s 2 


At time t: 


co A — {(0 A ) 0 + oc A t 
co A =52.36-0.87266/ 

(1) 

Disk B: 


a B = 2.5 rad/s 2 {co B ) 0 = 0 


At time t: 


co B = ( co B ) 0 + a B f, co B = 2.5 1 

(2) 

(a) Bring disks together when: 

r A co A = r B co B 



(3 in.)(52.36 - 

0.872660 = (5 in.)(2.5f) 



157.08 - 2.618? = 12.5? 




157.08 = 15.118? 

t = 10.39 s ◄ 

(b) When contact is made (t - 10.39 s) 



Eq. (1): 


co A = 52.36 - 0.87266 (10.39) 




co A = 43.29 rad/s 

ft) A =413rpmJ 4 

Eq. (2): 


co B = 2.5(10.39) 




co B = 25.975 rad/s 

(t> B = 248 rpm ) 4 
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PROBLEM 15.34 

A simple friction drive consists of two disks A and B. Initially, 
disk A has a clockwise angular velocity of 500 rpm and disk B 
is at rest. It is known that disk A will coast to rest in 60 s. 
However, rather than waiting until both disks are at rest to bring 
them together, disk B is given a constant angular acceleration 
of 2.5 rad/s 2 counterclockwise. Determine ( a ) at what time the 
disks can be brought together if they are not to slip, ( b ) the 
angular velocity of each disk as contact is made. 


SOLUTION 

Disk A: 

( 0 ) 4)0 =500 1 pm = 52.36 rad/s ^ 


Disk a will coast to rest in 60 s. 

At time t: 

co A -(co A ) 0 +a A t; 0 = 52.36 + a A (60 s) 
a A = -0.87266 rad/s 2 

co A — (co A ) 0 + a A t ; co A — 52.36 -0.87266f 

(1) 

Disk B: 

a B = 2.5 rad/s 2 ( co B ) 0 = 0 


At time t: 

(o E = (co B ) 0 + a B t ; co B = 2.5 r 

(2) 

(a) Bring disks together when: 

r A (0 A = r B CO B 


(80 mm)(52.36 - 

0.87266t) = (60 mm)(2.5t) 


4188.8 

- 69.813/ = 150? 



4188.8 = 219.813/ 

t = 19.056 s 

r = 19.06 s ◄ 

( b ) Contact is made: 

Eq. (1): 

co A =52.36-0.87266(19.056) 



(0 A = 35.73 rad/s 

00 A =341 rpm J) 4 

Eq. (2): 

co B =2.5(19.056) 



0 ) B =47.64 rad/s 

( o B - 455 rpm 'j A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1046 





PROBLEM 15.35 


Two friction disks A and B are both rotating freely at 240 rpm 
counterclockwise when they are brought into contact. After 8 s 
of slippage, during which each disk has a constant angular 
acceleration, disk A reaches a final angular velocity of 60 rpm 
counterclockwise. Determine (a) the angular acceleration of 
each disk during the period of slippage, (b) the time at which 
the angular velocity of disk B is equal to zero. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



1047 






PROBLEM 15.36* 

Steel tape is being wound onto a spool which rotates with a constant 
angular velocity co 0 . Denoting by r the radius of the spool and tape at any 
given time and by b the thickness of the tape, derive an expression for the 
acceleration of the tape as it approaches the spool. 


SOLUTION 


Let one layer of tape be wound and let v be the tape speed. 

vAt — 2nr and A r = b 
A r bv bco 

2 K 


For the spool: 


At 

dco 

dt 


2nr 

d_ ( 

dt 


v I _ 1 d v + d 

r) r dt dt 


V' 


v dr 
r 2 dt 


a - - 


ba >" 

2 K 


a 

r 

= 0 


v' bco 
r 2 2k 


a = 


ba>o 


2n 
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n 

b v PROBLEM 15.37* 

J -► 


In a continuous printing process, paper is drawn into the 
presses at a constant speed v. Denoting by r the radius of 
the paper roll at any given time and by b the thickness of 
the paper, derive an expression for the angular acceleration 
of the paper roll. 


SOLUTION 

Let one layer of paper be unrolled. 


vAt — 2nr and A r = -b 


A r 
At 

a - 


-bv _ 
2 nr 
dco 
dt 

/ 

V 

\r 


dr 

dt 


d_ r 

dt 


1 dv d 

=-h V- 

r dt dt 

r dt 


f 


V' 


' v_ 
v'r 2 
bv 2 
Inr 2, 




-bv 
2 nr 


bv 2 
iKr 2 


)< 
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PROBLEM 15.CQ3 
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PROBLEM 15.38 

An automobile travels to the right at a constant speed of 
48 mi/h. If the diameter of a wheel is 22 in., determine the 
velocities of Points B, C, D, and E on the rim of the wheel. 


SOLUTION 

v A = 48 mi/h = 70.4 ft/s 


v c =0 ◄ 


d = 22 in. r = - = 11 in. = 0.91667 ft 

2 



v A 70.4 \ 

0)= — = -= 76.8 rad/s ) 

r 0.91667 v 

( \ 



V BIA ~ V DIA ~ V EIA ~ rC0 

= (0.91667X76.8) = 70.4 ft/s 

1 A 

> 


y B ~ y A + y B/A ~ [70.4 ft/s — ► ] + [70.4 ft/s —*- ] 

C 




\ B =140.8 ft/s— ► ◄ 


y D~ y A + y D/A ~ [70-4 ft/s — *• ] + [70.4 ft/s ^L30°] 





\ D =136.0 ft/s ^115.0° ◄ 


\ E = \ A + \ E/A = [70.4 ft/s — * ] + [70.4 ft/s, ] 





y E =99.6 ft/s^45.0° ◄ 
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PROBLEM 15.39 

The motion of rod AB is guided by pins attached at A and B which 
slide in the slots shown. At the instant shown, 6 = 40° and the pin 
at B moves upward to the left with a constant velocity of 6 in./s. 
Determine (a) the angular velocity of the rod, ( b ) the velocity of 
the pin at end A. 
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SOLUTION 


Law of sines. 


(b) 


(a) 



V A= V B+ V A« 


K | I =[L6 m/s^30°] + [v A/B ^40°] 


_ v aib _ 1-6 m/s 
sin 70° sin 60° sin 50° 

\ A/B =1.809 m/s 2 x^ 40° 
AB = 0.5 m 
V AIB = ( AB)CO ab 
1.809 m/s = (0.5 m )co AB 
C0 AB = 3.618 rad/s 



v A =1.963 m/s 



(0 AB = 3.62 rad/s t) A 
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y 

v c = (< ) c)A 

j PROBLEM 15.44 





The plate shown moves in the xy plane. Knowing that 





(v A ) x =120mm/s, ( v B ) y = 300mm/s, and (v c ) y =-60 mm/s, 

180 

mm 

/ 


determine (a) the angular velocity of the plate, (b) the velocity 



f Va = ( c Ai + 

"'a \j 

of Point A. 




O 



i 

r ‘ 1 

X 

180 

mm 

\ v B = (d b ), 

r ■ + (°b)|/ j / 

/ 







--180 mm- - 

- -180 mm- ►) 



SOLUTION 





r c/B = (180 mm)i + (360 mm)j 

co = rnk 

v b =(v B )^i + (300 mm/s)j 
v c = (v c ) x i - (60 mm/s)j 


(a) 


0 s 

II 

+ 

< 




(v c ) x i -(60 mm/s)j = (v g ) v i + (300 mm/s)j + 0 )xr c/B 

(v c ) x i ~ 60J = (v B ) v .i + 300j + <ykx(180i + 360j) 

(v c ) x i - 60j = (y B ) t i + 300j + 180<yj - 360&* 



Coefficients of j: 

—60 = 300 + 180 co 




CO- -2 rad/s 

ft) = 2 rad/s A 

(b) 

Velocity of A: 

r A/B = -(180 mm)i + (180 mm)j 

= v B + v A/B = v B + (oxr A/B 

1201 + (v A ) v j = iv B ) x i + 300j + (-2k) x (-1801 + 180j) 

1201 + (v A ) v j = (v B ) x i + 300j + 360j + 360i 



Coefficients of j: 

(v A ) v = 300 + 360 = 660 mm/s 




v A = (120 mm/s)i + (660 mm/s)j A 
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SOLUTION 

r B/A = (180 mm)i - (180 mm)j 

From the answer of Problem 15.44, we have 


00 = -(2 rad/s)k 

x A = (120 mm/s)i + (660 mm/s)j 

(a) Velocity ofB: 

+ y WA = y A + ® xr B/A 
= 120i + 660j - 2k x (180i -180j) 

= 120i + 660j - 360j - 360i 


\ B = -(240 mm/s)i + (300 mm/s)j ^ 

(b) Point with v = 0: 


Let P = xi + yj be an arbitrary point. 

Thus 

r p / A = (180 + x)i + yj 

v F = v A + v ™= v A + ‘»xr m 

v = 120i + 660j + (-2k) x [(180 + x)\ + yj] 
x P = 120i + 660j - (360 + 2x)j + 2yi 
x P = (120 + 2 y)i + (300 - 2x)j 

For \ p = 0: 

120 + 2y = 0 and 300 - 2* = 0 

o 

II 

> 

y = -60 mm, x = 150 mm A 
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y 


PROBLEM 15.46 


A 

/ ' 1,1 v a . ( % ),i 

L _ 

• [iff j 

The plate shown moves in the xy plane. Knowing that (v A ) t = 250 mm/s, 

150 

mm 

V i\ .... 

v !\/ 

(v B ) x = -450 mm/s, and (v c ) x = -500 mm/s, determine (a) the angular 
velocity of the plate, ( b ) the velocity of Point A. 


o' 

fc 

^-150 m m--H 

X 



■50 mm 



SOLUTION 


Angular velocity. 

oo = <yk 


Relative position vectors : 

y bia = (150 mm)i 

r c/A = (200 mm)i + (150 mm)j 


Velocity vectors: 

v A = (250 mm/s)i + (v A ) v j 

v b =(v B ) x i-(450 mm/s)j 
v c = -(500 mm/s)i + (v c ) j 


Unknowns are cd, (v A ) , 

(y B ) x , and (v c ) y . 

= ^A + Vflw = v a + x r B/A 

(v B ) x i - 450j = 250i + (v A ) y j + cnk x 150i 
= 250i + (v A ) y j + 150cyj 


i: 

(V,=250 

(1) 

j: 

-450 = (v A ) +150&> 

(2) 


(a) 


(b) 


V C= V A + V C/A= V A+^ kXr CM 

-500i + (v c ) y j = 250i + (v A ) v j + co k x(200i - 150j) 
— 250i + (v A ) v j + 200<yj + 150<yi 
i: -500 = 250 + 150^ 

j: (v c )_ v =(v A ) y +150(W 

Angular velocity of the plate. 

FromEq. (3), 


(3) 

(4) 


co- -= -5 

150 


co = -(5.00 rad/s)k = 5.00 rad/s J A 


Velocity of Point A. 

From Eq. (2), (v A ) =-450-150cy =-450-(150)(-5) = 300 mm/s 


v A =(250mm/s)i + (300mm/s)j A 
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y 

A 

r 

= (v A ) x i + (e A )j,j PROBLEM 15.47 

The plate shown moves in the xy plane. Knowing that (va) x — 

12 in./s, ( v B ) x — -4 in./s, and (vc) y = —24 in./s, determine 
v i (a) the angular velocity of the plate, (b) the velocity of Point B. 

_ Vr = (v,-) r i + ( V r \ 

4 i 

in. 

___JL 

2 i 

J 

in. 

)_i 


V 

o 

2 in. 

\* -6 in.- \ 

|C I 


SOLUTION 



Angular velocity. 

co = <wk 


Relative position vectors’. 

r m = -( 2 in -)i + (4 in.)j 
r aB = (6 in.)i - (2 in.)j 


Velocity vectors: 

v A =(12in./s)i + (v_ 4 ) v j 
v B = -(4 in./s)i + (v g ) v j 

v c = ( v c)d-( 24in - /s )j 


Unknowns are co, (v A ) v , 

(v B ) y , and (v c ) f . 



v a = + ©kxr A/JJ 



12i + (v A ) y = -4i + (v B ) y j + <yk x (— 2i + 4j) 

= -4i + (v B ) v j - 2co] - 4coi 


i: 

12 = -4-4(0 

(1) 

j: 

(v A ) y =(v B ) y “2 co 

(2) 


v c = v B + \ C/B — \ B + cdk x r c/B 
(v c ) x i - 24j = -4i + (v B ) y j + <yk x (6i - 2j) 

= -4i + (vg ) y j + 6<yj + 2<yi 


i: 

iv c ) x ~-4 + 2co 

(3) 

j: 

-24 = (v R ) y +6(0 

(4) 
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PROBLEM 15.47 (Continued) 


(a) 

Angular velocity of the plate. 



FromEq. (1), <w = —— = -4rad/s 

4 



CO = 

-(4.00 rad/s )k = 4.00 rad/s A 

(b) 

Velocity of Point B. 

From Eq. (4), (y B ) y = -24 - (6)(-4) - 0 

v B - -(4.00 in./s)i A 
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PROBLEM 15.48 

In the planetary gear system shown, the radius of gears A, B, C, and D 
is a and the radius of the outer gear E is 3a. Knowing that the angular 
velocity of gear A is co A clockwise and that the outer gear E is 
stationary, determine (a) the angular velocity of each planetary gear, 
( b ) the angular velocity of the spider connecting the planetary gears. 


SOLUTION 


Gear E is stationary. v E — 0 

Let A be the center of gear A and the spider. Since the motions of gears B , C, and D are similar, only gear B is 
considered. Let H be the effective contact point between gears A and B. 



Gear A: \ H -aco A —- 

(a) Planetary gears B , C, and D: v (/ = \ E + \ H/E 


H— aco A — 0 + (2 a)co B 


(,) b ~ G l 


C0 B - (O c 


= (O 




~:v B — 0 + a 


-co A 


(b) Spider. 

Equating expressions (1) and (2) for \ B , 


\ B = (2 a)co s 


y B~^ a( °A 


— aco A = (2 a)co s 


co. = —CO a 


( 1 ) 

(2) 


1 

=-®A 
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PROBLEM 15.49 

In the planetary gear system shown, the radius of gears A, B, C, and D 
is 30 mm and the radius of the outer gear E is 90 mm. Knowing that 
gear E has an angular velocity of 180 rpm clockwise and that the 
central gear A has an angular velocity of 240 rpm clockwise, determine 
(a) the angular velocity of each planetary gear, ( b ) the angular velocity 
of the spider connecting the planetary gears. 


SOLUTION 

Since the motions of the planetary gears B, C, and D are similar, only gear B is considered. Let Point H 
be the effect contact point between gears A and B and let Point E be the effective contact point between 
gears B and E. 

Given angular velocities: co £ = 180 rpm J)= 6 k rad/s ) 

to A = 240 rpm ) = 8 n rad/s ) 




v E = r E co E = (90 mm)(6;r rad/s) = 540;r mm/s 

\ E = 5A0k mm/s —► 


Gear A: 


radius -r A =30 mm 


v H = r A co A = (30 mm)(8j rad/s) = 240;r mm/s 


\ H = 2A0k mm/s —► 
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PROBLEM 15.49 (Continued) 


Planetary gear B: 


radius - r B = 30 mm, 

y H ~ y E + V HIE 


10 


= ®b) 


[(30 mm)<y A —► ] = [540;r mm/s —- ] + [(60 mm )co B -— ] 

30<y A = 540;r - 60 co B 

540 n + 30<y A 1 n 1 , 0 . , \ 

co B =-— = 0n +—(O A =0n —(8;r) = 5n rad/s J 

60 2 2 

(a) Angular velocity of planetary grears: 

=to c =w D = 5k rad/s ) =150 rpm ') A 

y B ~ y H + v bih ~ [(30 mm)<y A —- ] + [30 mm co B —- ] 
v B = (30 mm)(8;r rad/s) + (30 mm)(5;z' rad/s) = 390;r mm/s 

( b) Spider. arm = r s = 60 mm, co s = C 0 S J 


v b = r s °> s 

v R 390;rmm/s 

a>= — = -= 6.5;r rad/s 

r s 60 mm 

C0 S = 6.5;r rad/s J = 195 rpm J A 
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PROBLEM 15.50 

Arm AB rotates with an angular velocity of 20 rad/s counter¬ 
clockwise. Knowing that the outer gear C is stationary, determine 
(a) the angular velocity of gear B. (b) the velocity of the gear tooth 
located at Point D. 
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PROBLEM 15.51 

In the simplified sketch of a ball bearing shown, the diameter of the inner race A 
is 60 mm and the diameter of each ball is 12 mm. The outer race B is stationary 
while the inner race has an angular velocity of 3600 rpm. Determine (a) the 
speed of the center of each ball, ( b ) the angular velocity of each ball, (c) the 
number of times per minute each ball describes a complete circle. 


SOLUTION 

Data: co A = 3600 rpm = 376.99 rad/s, a> B =0 

r A = —d A = 30 mm 

d = diameter of ball = 12 mm 
Velocity of point on inner race in contact with a ball. 

v A = r A co A = (30)(376.99) = 11310 mm/s 
Consider a ball with its center at Point C. 





v A — 0 + co c d 


(O r 


11310 


d 12 
= 942.48 rad/s 


V C - V B + V CIB 


(a) 

(b) 

(c) 


Angular velocity of ball. 


= 0 +— dco= (6)(942.48) = 5654.9 mm/s 


co c = 942.48 rad/s 


Distance traveled by center of ball in 1 minute. 

l c = v c t = 5654.9(60) = 339290 mm 

Circumference of circle: 2 nr = 2/r(30 + 6) 

= 226.19 mm 


Number of circles completed in 1 minute: 


l 


339290 


2 nr 226.19 


v c =5.65 m/s ^ 
<o c = 9000 rpm A 


n = 1500 ◄ 
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PROBLEM 15.52 

A simplified gear system for a mechanical watch is shown. 
Knowing that gear A has a constant angular velocity of 1 rev/h and 
gear C has a constant angular velocity of 1 rpm, determine (a) the 
radius r, ( b ) the magnitudes of the accelerations of the points on 
gear B that are in contact with gears A and C. 


SOLUTION 



Point where A contacts B: 

V[ = r A (D A = rCO B 

r A (0 A 

(1) 

r 

Point where B contacts C: 

V 2 = r B (0 B = r0J c 

0J c =—C0 B (2) 

r 

From Eqs. (1) and (2), 

r A r B 

C°c - 2 0J A 

r 



2 0) A 

r = r A r B - 

C0 c 


Data: 

-o 6in r-0 36in ^ ~ lrev/h _ 

1 

i a — u.u in., ip — u. ju hi. — — 

0J ( 1 rev/m 

60 


r 2 = (0.6in.)(036io.) = 2 

60 


(a) Radius r. 


r — 0.0600 in. 4 

Angular velocity of B. 

In 

0) r -1 rpm = — rad/s 

C 60 

ao B = r co c = 0 060 2n = 0.017453 rad/s 
r B c 0.36 60 


(b) Point where B contacts A. 

a n = r(0 B = (0.0600 in.)(0.017453 rad/s) 2 

a n = 18.28 xl0' 6 in./s 2 ◄ 

Point where B contacts C. 

a „ = r n 0J B ~ (0.36 in.)(0.017453 rad/s) 2 

a n =109.7 xlO' 6 in./s 2 ◄ 
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PROBLEM 15.53 

Arm ACB rotates about Point C with an angular velocity of 
40 rad/s counterclockwise. Two friction disks A and B are 
pinned at their centers to arm ACB as shown. Knowing that 
the disks roll without slipping at surfaces of contact, 
determine the angular velocity of (a) disk A, ( b ) disk B. 


SOLUTION 



Arm ACB: Fixed axis rotation. 

r A/c = 24 mm, \ A = r AIC 0) AB = (24)(40) = 960 mm/s I 

r Bic ~ 18 mm, \ B = r B/c co AB = (18)(40) = 720 mm/s * 

Disk B: Plane motion = Translation with B + Rotation about B. 

r B = 30 mm, y d = v B - \ D/B 

0 = 720 * + 30 co B mm/s 

720 o, j, x 

co R =-= 24 rad/s ) 

B 30 > 

V £ = Y B + y EIB 

= 720 ] + (30)(24) 1 = 1440 mm/s 4 
Disk A: Plane motion = Translation with A + Rotation about A. 
r A =12 mm, \ E =\ A -\ EIA 

1440 ( = 960 I + 12<y A | 

1440 + 960 > 

co A =-= 200 rad/s ) 


(a) 

co A = 200 rad/s A 

(■ b ) 

i» B = 24.0 rad/s J 
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2.4 in. 


PROBLEM 15.54 


Arm ACB rotates about Point C with an angular velocity of 
40 rad/s counterclockwise. Two friction disks A and B are 
pinned at their centers to arm ACB as shown. Knowing that 
the disks roll without slipping at surfaces of contact, 
determine the angular velocity of (a) disk A, (b) disk B. 
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PROBLEM 15.55 

Knowing that at the instant shown the velocity of collar A is 
900 mm/s to the left, determine (a) the angular velocity of rod 
ADB, (b) the velocity of Point B. 


SOLUTION 


Consider rod ADB. 

= v D j, v A = -(900 mm/s)i 
r DIA = -(80 mm)i - (150 mm)j 

V D/A = “AD X r D/A = «AD k X (—801 — 150j) 


= l5Qco AD i - 80m AO j 


y o = v A + v D/A 

v D i — —900i + 150<w AO i — 80<y A £,j 

Equate components. 

i: 0 = -900 + 150 co AD co AD = 6 rad/s 

(a) Angular velocity of ADB. 

“ad = (6-00 rad/s)k = 6.00 rad/s 4 

By proportions, 

150 + 60 

r BIA - | 5() r D/A -1-4 r D/A 


= -(112 mm)i-(210mm)j 


y B ~ V A + ^AD k X r BIA 


= —900i + 6k x (— 112i — 21 Oj) 

= -900i - 672j + 1260i 

( b ) Velocity ofB. 

\ B = (360 mm/s)i - (672 mm/s)j = 762 mm/s 61.8° A 
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PROBLEM 15.56 

Knowing that at the instant shown the angular velocity of rod DE is 2.4 rad/s 
clockwise, determine (a) the velocity A, ( b ) the velocity of Point B. 


SOLUTION 



Rod DE\ Point E is fixed. 

co DE = 2.4 rad ) 



v D = 0 ) DB r DE = (2.4 rad/s)(120 mm) = 288 mm/s 



\ D = 288 mm/s | = (288 mm/s)j 


Rod ADB: 

t a/d = ( 80 ™)i + (150 mm)j, oj ad = co AD k, v A = v A i 



V A = y D + V DIA ~ V D + ®AD^ X T AID 

v A i = (288 mm/s)j + <w AD kx[(80 mm)i + (150 mm)j] 
v A i = 28 8j + 80m AD j - 150m AD i 


Equate components. 

v a ~ “150 co AD 

(1) 

j: 

0 = 288 + 80 co ad 

(2) 

From Eq. (2), 

®AD = —“ad = (-3-6 rad/s )k 


From Eq. (1), 

v A = —(150)(—3.6) = 540 mm/s 


(a) Velocity of collar A. 

v A = 540 mm/s — ► 4 

(b) Velocity of Point B. 



By proportions 

%d = = ~ (32 111111)1 “ 60 mm J 



y B ~ y D + y BID ~ y D + “AD X r BID 

= (288 mm/s) j + [-(3.6 rad/s)k] x [-(32 mm)i - (60 mm)j] 

= (288 mm/s)j+ (115.2 mm/s)j - (216 mm/s)i 
\ B = -(216 mm/s)i + (403.2 mm/s)j 



v B = 457 mm/s 2^61.8' 
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PROBLEM 15.57 

A straight rack rests on a gear of radius r and is attached to a 
block B as shown. Denoting by co D the clockwise angular 
velocity of gear D and by 0 the angle formed by the rack and 
the horizontal, derive expressions for the velocity of block B 
and the angular velocity of the rack in terms of r, 0, and co D . 


SOLUTION 


Gear D: Rotation about D. Tooth E is in contact with rack AB. 

\ E = ra> D q 



8 


Draw velocity vector diagram. 


v R = v, 


' + y B/E [' V B -*" ] — [' V E X + \- V B!E |/ 


r(0 n 


V R =- 


cos 0 cos 0 


V B =- 


cos 9 


V B/E ~ V E t an 6 

= rco D tan 6 


CO. 


'AB 


v B/E 


l EB 


r(0 D tan 0 


t C/e 



™e/e 


tan 6 

= co D tan 2 6 


co AB = co D tan 


V ◄ 
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PROBLEM 15.58 

A straight rack rests on a gear of radius r = 2.5 in. and is 
attached to a block B as shown. Knowing that at the instant 
shown the velocity of block B is 8 in./s to the right and 
0 - 25°, determine (a) the angular velocity of gear D. (b) the 
angular velocity of the rack. 


SOLUTION 



_ y E + y BIE [ V B *■ 1 — [ V E + [ V B/£ \f 

Draw velocity vector diagram. 


Data : 

(a) 

(b) 


rO)n 


v R =■ 


cos 6 cos 0 


I'(0,, 


COS# 


V B/E ~ 


0)i 


v E tan 6 - rco D tan 0 


'BIE 


rCO D tan 6 


= co D tan 6 


co 


EB tan# 

2 , 


AB ' 

r 

COn 


■ co D tan 6 ) 


■ 2.5 in. 9- 25° v B =8in./s- 


v R cos 6 8 cos 25° 


l C/e 



Q'ete 


2.5 


co AB = 2.90 tan" 25 c 


K) fl = 2.90 rad/s J -4 
(0 AB = 0.631 rad/s 4 
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PROBLEM 15.59 

Knowing that at the instant shown the angular velocity of crank AB is 2.7 rad/s 
clockwise, determine (a) the angular velocity of link BD, (I?) velocity of collar D, 
(c) the velocity of the midpoint of link BD. 


SOLUTION 

Crank AS: Point A is fixed. 

(x) AB = 2.7 rad/s J 

v B = co AB r AB = (2.7 rad/s)(5 in.) = 13.5 in./s 

\ B = 13.5 in./s -* — = -(13.5 in./s)i 


Link BD : 

t dib = (12 in.)i — (9 in.)j, ta BD — co BD ) = co^ k, 

y D =v d\ = V /j j 

y D ~ y B + y B/D ~ y B + ^BrM- Xr BID 

v D j = -(13.5 in./s)i + co BD k x [(12 in.)i - (9 in.)j] 

= ~\3.5i + l2co BD S + 9(0 BD \ 


Equate components. 


0 — —13.5 + 9cq bd 

(1) 

j: 

V D ~ 12 CO B D 

(2) 

(a) Angular velocity of link BD. 

From Eq. (1), 

13.5 

^BD q 

co BD =1.500rad/s' A 

(b) Velocity of collar D. 

From Eq. (2), 

v D = (12X1.5) 

\ D - 18.00 in./s A 

(c) Velocity of midpoint M of link BD. 

r M/B = = (6 in.)i - (4.5 in.)j 

V M = y B + y MIB ~ y B + a> BD^- Xr M/D 

= -13.5i + (1.500k) x(6i- 4.5 j) 

= -13.5i + 9j + 6.75i 



y M = -(6.75 in./s )i + (9.00 in./s )j = 

11.25 in./s 2^53.1° ◄ 
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PROBLEM 15.60 

In the eccentric shown, a disk of 2-in.-radius revolves about shaft O 
that is located 0.5 in. from the center A of the disk. The distance 
between the center A of the disk and the pin at B is 8 in. Knowing that 
the angular velocity of the disk is 900 rpm clockwise, determine the 
velocity of the block when 0 = 30°. 


SOLUTION 

Geometry. 


(CM) sin 6 = (AB) sin P 

. 0 (CM) sin# 

sin p - -- 

AB 

_ 0.5 sin 30° 

” 8 


P = \.19° 



Shaft and eccentric disk. (Rotation about O ) 

co OA = 900 rpm = 307t rad/s ) 
v A = (CM) co OA = (0.5)(30n) = 157t in/s p 57 

RodAB. (Plane motion = Translation with A + Rotation about A.) 



Draw velocity vector diagram. 90° — p = 88.21° 

p = 180°- 60° -88.21° 

= 31.79° 

T • Vo v. 

Law of sines. -=- 

sin^ sin(90° — P) 

v _ v A sin( P 

B sin (90° — p) 

_ (15;r)sin 31.79° 
sin 88.21° 

= 24.837 in./s 





\ B - 24.8 in./s — A 
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PROBLEM 15.61 

In the engine system shown, / = 160 mm and Z? = 60mm. Knowing that the 
crank AB rotates with a constant angular velocity of 1000 rpm clockwise, 
determine the velocity of the piston P and the angular velocity of the connecting 
rod when (a) 0 = 0, ( b) 9 = 90°. 


SOLUTION 


a> AB = 1000 rpm J) 


( 11 ) 1 ) 1 ) 1 ! 1/T) 
60 


= 104.72 rad/s ) 


(a) 0 = 0°. Crank AB. (Rotation about A) 


B/A 


= 0.06 m | 


y b ~ v b/a co ab ~ (0.06)(104.72) = 6.2832 m/s 
Rod BD. (Plane motion = Translation with B + Rotation about B) 

y d~ y b + v dib 

\’d * = [6.2832 —► ] + [v DIB — ] 


v 0 =0 

v D / B = 6.2832 m/s 


Vo 6.2832 

co Rn = — = - 

BD 1 0.16 


A 




"A 


A 


TT 
+ < 


co fi 


\p = 0 ◄ 

= 39.3 rad/s ◄ 


( b ) 9 = 90°. Crank AB. (Rotation about A) r BM = 0.06 m—► 

y b ~ r BiA C0 AB ~ (0.06)(104.72) = 6.2832 m/s I 
Rod BD. (Plane motion = Translation with B + Rotation about B.) 

y D = y B + y D/B 

[V D ]|] = [6.2832] J +[v dib ^J3] 
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PROBLEM 15.61 (Continued) 


v D / B = 0, v D = 6.2832 m/s 


V D/B 

^BD ~ i 

®BD — 0 ^ 

y p = y d = 6.2832 m/s I 

y p = 6.28 m/s -4 
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PROBLEM 15.62 

In the engine system shown / = 160 mm and b — 60 mm. Knowing that crank 
AB rotates with a constant angular velocity of 1000 rpm clockwise, determine 
the velocity of the piston P and the angular velocity of the connecting rod when 
9 - 60°. 
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SOLUTION 

Rod AB: =15 rad/s f> 

v B = ( AB)co ab = (0.200)(15) = 3 m/s 

\ B - 3 m/s -— 

Rod BD: \ B = -(3 m/s)i, \ D = v D j, c o BD = co BD k 

r B/D = (°- 6 m )i + (0-25 m)j 

y B~ Y D + Y BID ~ Y D + Xr BID 

-3i = v D j + co BD k x (0.6i + 0.25 j) 

= v D j + 0.6a) BD j — 0.25co BD i 

Equate components. 

i: -3 = -0.25 co BD 

( 1 ) 

j : 0 = v D + 0.6 (O bd 

( 2 ) 

(a) Angular velocity of rod BD. 

3 

From Eq. (1), oo Rr - - 

0.25 

® BD = 12.00 rad/s 4 

From Eq. (2), v D - -0.6co BD 

v}, = -7.2 m/s 

(b) Velocity of midpoin t M of rod BD. 

r M/D = ^ r B/D = (°- 3 m )i + (0-125 m)j 

y M ~ Y D + y MID ~ V D 1 + ^BD^- X V MID 

= —7.2j + 12.00k x (0.3i + 0.125 j) 

= -(1.500 m/s)i - (3.60 m/s)j 

v M = 3.90 m/s 67 . 4 ° 4 
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100 mm 



PROBLEM 15.64 

In the position shown, bar AB has an angular velocity of 4 rad/s 
clockwise. Determine the angular velocity of bars BD and DE. 


SOLUTION 


Bar AB: (Rotation about A) 

(0 ab = 4 rad/s J= -(4 rad/s)k 


t bia =-(175 mm)i \ B = “ ab xr sM = (—4k)x(—175i) 

\ B = (700 mm/s)j 

Bar BD: (Plane motion = Translation with B + Rotation about B.) 


®bd = a>BD k r D/B = “(200 mm)j 

Vq = + CO go x C/j//j = 700j + (o) g£>k) x ( 200j) 

\ D = 700j + 200<y /) , /) i 

Bar DE: (Rotation about E) 

®DE ~ 0) I)A 

r DIE = -(275 mm)i + (75 mm)j 
v d = x r D/E — (Mde^) x (—275i + 75j) 

y d ——275co DE j — 75co DE i 

Equating components of the two expressions for \ D , 

i 

700 = -215co de co de = -2.5455 rad/s co D£ = 2.55 rad/s J) -4 


3 

200a) BD — —15 co de a> BD = ~~^ a> BD 

O 

( 3 ) x 

co BD = - — (-2.5455) =0.95455 rad/s a> BD =0.955 rad/s 4 

v 8 y 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1083 






PROBLEM 15.65 

In the position shown, bar AB has an angular velocity of 4 rad/s 
clockwise. Determine the angular velocity of bars BD and DE. 
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PROBLEM 15.66 

Robert’s linkage is named after Richard Robert (1789-1864) and can be 
used to draw a close approximation to a straight line by locating a pen at 
Point F. The distance A B is the same as BF. DF and DE. Knowing that the 
angular velocity of bar AB is 5 rad/s clockwise in the position shown, 
determine (a) the angular velocity of bar DE, (b) the velocity of Point F. 


SOLUTION 

Bar AS: 

In inches, 

to AB = 5 rad/s f) = - (5 rad/s)k 

r B/A = 3i + \Jl2 2 - 3 2 j = 3i + Vl35j 
v B =w AB xr BM = -5k x (3i + Vl35j) 

= 5Vl35i - 15j 


Object BDF: 

t d/b = (6 in.)i, r FIB = 3i - Vl35j (in.), w BD 

— (O bd \l 


v 0 = + y b/d — y b + co BD kxr D/B 

= 5Vl35i - 15j + co BD k x 6i 
= 5 Vl35i -15 j + 6a) BD j 

(1) 

Bar DE: 

<»de = r D!E = -(3 in -)i + (v/l35 in.)j, 


Point E is fixed so \ E 

= 0 



y D — Wqe x r DIE — co DE \i x (— 3i + -s/l 35 j) 

= — Vl35ty D£ i — 3a) DE j 

(2) 

Equating like components of \ D from Eqs. (1) and (2), 


i: 

5Vl35 = -J\35cq de 

(3) 

j: 

15 "T 6co bd — 

(4) 

(a) Angular velocity of bar DE. 


From Eq. (3), 

C0 DE = -5 rad/s 

^de ~ 5 00 rad/s J ◄ 

From Eq. (4), 

co bd =U\5-?,co de ) = \{\5 + \5) 

6 6 

V) BD = 5.00 rad/s ) 
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PROBLEM 15.66 (Continued) 


(b) Velocity of Point F. 

Yf/b = 3i - Vl35j 



y F ~ y B ~ V FIB ~ y B + ® 'BD k X V F/B 



= 5 Vl35i -15 j + 5k x (3i - Vl35j) 

= 5Vl35i -15 j + 15j + 5Vl35i = 10Vl35i 

v F =116.2 in./s —*- A 
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PROBLEM 15.67 

Robert’s linkage is named after Richard Robert (1789-1864) and can be 
used to draw a close approximation to a straight line by locating a pen at 
Point F. The distance A B is the same as BF, DF and DE. Knowing that 
the angular velocity of plate BDF is 2 rad/s counterclockwise when 
0 - 90°, determine (a) the angular velocities of bars AB and DE, ( b) the 
velocity of Point F. When 0 = 90°, determine (a) the angular velocity of 
bar DE (b) the velocity of Point F. 


SOLUTION 

When 0 - 90°, the configuration of the linkage is close to 
that shown at the right. 

Bar AB: (o AB -co AB k 

In inches, r B/A — 6i + 6%/3j 

'Vi = 0 i Ali x r WA = co AB k x (6i + 6V3j) = - 6 ^ 0 ) AB i + 6 o) AB j 


Object BDF : 


Bar DE\ 


’ D ~ ^DE 1 DIE ~ u'DE 

Equating like components of Vd from Eqs. (1) and (2), 
i: —6^3 co AB + 12 — 6^3 = -1 2co t 


t dib ~ 6i + 6(2-%/3)j 
r F/B = 6i - 6 Voj 03 BD = (2 rad/s )k 

Y D ~ Y B + V DIB ~ Y B ~ ^bd^- X r D/B 

= -6\j3co AB i + 6co AB j + 2k x [6i + 6(2 - V3 )j] 
— —fo\[?)(Q AB \ + 6ty AB j + 24i — 12V3i +12 j 

'die = 12 j 

tt) p,p x Tn/p — oo DE k x 12 j — \ / 2d) B , E \ 


^DE ~ m DE ^ 


j: 


From Eq. (3), 


6rw AB +12 — 0 


C0 AB = -2 rad/s 


-12 co DE = -(6yf3 )(-2) + 24-12^3 


co DE =2-2^3 =-1.4641 


£> 



12 In- 




( 1 ) 

(2) 

(3) 


d) AB = 2.00 rad/s ^ ^ 


0 ) /)f =1.464 rad/s J) 4 
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PROBLEM 15.67 (Continued) 


y D = —(12)(—1.4641)i = 17.569i 
v F = v D + co BD k x r F/D 

= 17.569i + 2k x (—12j) = (41.569 in./s)i 


v r = 41.6 in./s- 


Note: The exact configuration of the linkage when 6 = 90° may be calculated from trigonometry using the 
figure given below. 

Applying the law of cosines to triangle ADB gives 

y= 13.5° 

so that angle EAB is 

45°+ 13.5° = 58.5°. 

We used 60° in the approximate analysis. 

Point F then lies about 0.53 in. to the right of Point E. 
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h - 300 mm » | « > | 

100 mm 


PROBLEM 15.68 

In the position shown, bar DE has a constant angular velocity of 
10 rad/s clockwise. Knowing that h = 500 mm, determine (a) the 
angular velocity of bar FBD, (b) the velocity of Point F. 


SOLUTION 



Bar DE: (Rotation about E) 

00 de ~ 10 ra( l/ s ) = -(10 rad/s)k 

^d/e — (0* 1 m)i + (0.2 m)j 
\ D — (i) DE xr D/E — (—10 k) x(—0 li + 0 .2j) 

= (1 m/s)j+ (2 m/s)i 


Bar FBD: (Plane motion = Translation with D + Rotation about D.) 

(0 BD = r BID = “(O' 3 m )i + (0.1 m)j 

y B ~ V D + ®BD X r BID 

= j + 2i + (co BD k)x (—0.31 + 0. lj) 

— j + 2i — 03co BE) j — 0. \co BEl \ 


Bar AB: (Rotation about A) 

® t b/a = (0.42 m)j 

= ®, 4 « x%A = i 0 ) AB k)x(0.42j) - -0.42<y AB i 


Equating components of the two expressions for y b , 

(a) j: l-03a> BD =0 co BD - 3.3333 rad/s co BD 

i : 2-0.1 co BD = -QA2 co ab 2 - (0.1)(3.3333) = -0.42<y AB 

co' AB = -3.9683 rad/s co AB = 3.97 rad/s J) 

= 3.33 rad/s 4 

Bar FBD: 

^ ^ h + 0.3 

r F/D= Cr BiD where c = Q3 

Y F — Y B + X r FID 

— j + 2i + C(-03co BD j — 0. \co BEl i) 

= j + 2i + C(-j - 0.33333i) 


With 

h = 500 mm = 0.5 m, C - = 2.6667 

0.3 

\ F = j + 2i - 2.6667j - 0.88889i 


(b) 

\ F = (1.11111 m/s)i - (1.66667 m/s)j y f = 2.00 m/s ^56.3° A 
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SOLUTION 

Bar DE : (Rotation about E) (o DE = 10 rad/s ) = -(10 rad/s)k 

t d/e =-(°.l m)i + (0.2 m)j 

xro/£ = ( — 10k)x (—0.1i + 0.2j) 
= (1 m/s)j + (2 m/s)i 

Bar FBI) '. (Plane motion = Translation with D + Rotation about D.) 


®BD = <°BD k r B!D = “(O' 3 m )l + (0-1 m )j 
V fi = y D + ®BD X r BID 

= j + 2i + (co BD k) x (—0.3i + 0. lj) 

— j + 2i — 0.3co BB) j — 0. lco BD i 

Bar AB : (Rotation about A) 

0>AB=^AB k %A=(°- 42m )j 

= g>ab x %a = (ty AB k)x(0.42j) - -0A2co AH i 
Equating components of the two expressions for \ B , 


(a) j: 


Bar FBD: 


1 - 0.3 co BD = 0 co BD = 3.3333 rad/s 

2-0.1 co BD = -0.42 co AB 2 - (0.1)(3.3333) = -0.42<y AB 

co AB = -3.9683 rad/s co AB = 3.97 rad/s J) 

r u n h + ®' 3 

y fid = Cr B„> where C = 

v F = v 5 + co fiD x r F/D 

= j + 2i + C(-03a> BD j - 0 Aco bd \) 

= j + 2i + C(-j - 0.33333i) 
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PROBLEM 15.70 

Both 6-in.-radius wheels roll without slipping on the 
horizontal surface. Knowing that the distance AD is 

5 in., the distance BE is 4 in. and D has a velocity of 

6 in./s to the right, determine the velocity of Point E. 


SOLUTION 


Disk D: Velocity at the contact Point P with the ground is zero. 


v 0 = 6 in./s- 


COn 


'DIP 


6 in./s 
6 in. 


= 1 rad/s 


00 , 


= 1 rad/s ) 


At Point A, v A = r Alp co D = (6 in. + 5 in.)(l rad/s) = 11 in./s 

v A = 11 in./s —► 

Disk E: Velocity at the contact Point Q with the ground is zero. w £ = co E ) = co E k. 

t b/q = -( 4 in -)i + ( 6 in -)J 

Y B = Y BIQ = X *BIQ = % k X (~ 4i + 6j) 

v b =-6a> E i-4a) E i 

Connecting rod AB: r B/A = (V14 2 - 5 2 )i - 5j in inches. 

y b/a ~ VkTli _ 5j m AB = rp4 B k 
y b = y a + y bia = y a + x (VTvTi - 5j) 

= 1 li + 5<30 AB i + Vl71<y AB j 

Equating expressions (1) and (2) for \ B gives 

-6co E i - Aco e S = 1 li + 5co ab \ + Vl7T<y AB j 


Equating like components and transposing terms, 
i: 5(0 AB +6co e - -11 

j: Vl7"Uy AB + 4co e - 0 


( 1 ) 


(2) 


(3) 

( 4 ) 
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PROBLEM 15.70 (Continued) 


Solving the simultaneous equaitons (3) and (4), 

(0 AB = 0.75265 rad/s, co E = -2.4605 rad/s 
Velocity of Point E. \ E = co E k x r EfQ = -2.4605k x 6j 

\ E = 14.76 in./s i = 14.76 in./s —► A 
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PROBLEM 15.71 

The 80-mm-radius wheel shown rolls to the left with a velocity 
of 900 mm/s. Knowing that the distance AD is 50 mm, determine 
the velocity of the collar and the angular velocity of rod AB 
when (a) /3-0, (, b ) /? = 90°. 
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PROBLEM 15.72* 

For the gearing shown, derive an 
0) c of gear C and show that co c is 
Assume that Point A is fixed and 
ABC and gear A by (0 ABC and co A 


expression for the angular velocity 
independent of the radius of gear B. 
denote the angular velocities of rod 
respectively. 
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PROBLEM 15.72* (Continued) 


Gear C: v 2 = v c — r c a) c 


2(r A + r B )C0 'abC ~ ( r A + “ r B + r c) <y ABC — 


C0 c - (r A — r c )(£>abc - _ r c 

( r 1 

CO c — 1 ^ABC ^ 

l r c) 

Note that the result is independent of r B . 
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PROBLEM 15.CQ5 


The disk rolls without sliding on the fixed horizontal surface. At the 

1 

instant shown, the instantaneous center of zero velocity for rod AB 


would be located in which region? 


(a) region 1 

2 

1 

(. b) region 2 

c 

(c) region 3 

t 5 6 

( d ) region 4 


(e) region 5 


(/) region 6 


SOLUTION 


Answer: (a) M 
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PROBLEM 15.CQ6 

Bar BDE is pinned to two links, AB and CD. At the instant shown the 
angular velocities of link AB, link CD and bar BDE are co AB , co C d> and 
co B de> respectively. Which of the following statements concerning the 
angular speeds of the three objects is true at this instant? 

(a) C0ab — C0cd — cObde 

(b) CObde > COab > COcd 

(c) CO A b — COcd > CObde 
id ) CO A b > COcd > CObde 
(e) COcd > (Oab > ®bde 
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30 rad/s 


PROBLEM 15.73 

A juggling club is thrown vertically into the air. The center of 
gravity G of the 20 in. club is located 12 in. from the knob. 
Knowing that at the instant shown G has a velocity of 4 ft/s 
upwards and the club has an angular velocity of 30 rad/s 
counterclockwise, determine (a) the speeds of Point A and B, 
( b ) the location of the instantaneous center of rotation. 


SOLUTION 


Unit vectors: 

ii 

a 

ii 

J 

ii 

Relative positions: 

r A/G =-(lft)i. r «M =^j| ft li 

Angular velocity: 

co = 30 rad/s ) = (30 rad/s)k 

Velocity at A: 

V A “ V G + V A/G = V G + 10 X r A/G 

= (4 ft/s) j -t- (30 rad/s)kx(-l ft )i 
= (4 ft/s) j - (30 ft/s)j = -(26 ft/s) j 
= 26 ft/s f 

v A = 26.0 ft/s A 

Velocity at B: 

v fl = V G + V B/G = V G + 10 Xr B/G 

/ Q A 

= (4ft/s)j + (30rad/s)kx —ft i 
v 12 J 

= (4 ft/s) j + (20 ft/s) j = (24 ft/s) j 
= 24 ft/s | 

= 24.0 ft/s A 

Let r c/G = xi bet the position of the instantaneous center C relative to G. 

V C =V G +V C/G =V C+“ X (- Yi ) 

= (4 ft/s) j + (30 rad/s)k x (x i) 

= (4 ft/s) j + (30 ft/s) x j = 0 

4ft/s 4 

x = - = -ft = -1.6 in. 

30 rad/s 30 

Point C lies 1.6 in. to the left of G. A 
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A B 


D E 






--3 ft-- 

--4 ft-► 

--3 ft-- 


PROBLEM 15.74 

A 10-ft beam AE is being lowered by means of two overhead 
cranes. At the instant shown, it is known that the velocity 
of Point D is 24 in./s downward and the velocity of Point E is 
36 in./s downward. Determine (a) the instantaneous center of 
rotation of the beam, ( b ) the velocity of Point A. 
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PROBLEM 15.75 

A helicopter moves horizontally in the x direction at a speed of 
120 mi/h. Knowing that the main blades rotate clockwise with an 
angular velocity of 180 rpm, determine the instantaneous axis of 
rotation of the main blades. 


SOLUTION 

v 0 = 120 mi/h =176 ft/s —- 





CO- 180 rpm =2 = 18.85 rad/s 
60 

60 




r y 

A 




i 




v 0 = z.co 

z = v ° = 176 =9.34 ft 

C ' 

z 



CO 18.85 

2 

7 


Instantaneous axis is parallel to the y 

axis and passes through the point 



x-0 A 





z = 9.34 ft ◄ 
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PROBLEM 15.76 

A 60-mm-radius drum is rigidly attached to a 100-mm-radius drum as 
shown. One of the drums rolls without sliding on the surface shown, 
and a cord is wound around the other drum. Knowing that end E of 
the cord is pulled to the left with a velocity of 120 mm/s, determine 
( a ) the angular velocity of the drums, (b) the velocity of the center of 
the drums, (c) the length of cord wound or unwound per second. 


SOLUTION 


Since the drum rolls without sliding, its instantaneous center lies at D. 



(a) 


(b) 


\ E — \ B —120 mm/s 


v a ~ v aid 1 A v b ~ r BID m 

Vn 120 


L0 = - 


= 3 rad/s 


\’bid 100-60 


v A = (100)(3) = 300 mm/s 


co = 3.00 rad/s ' 4 


v, = 300 mm/s -*— 4 


Since v A is greater than v B , cord is being wound. 


v A - v B = 300 -120 = 180 mm/s 


(c) 


Cord wound per second = 180.0 mm 4 
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PROBLEM 15.77 

A 60-mm-radius drum is rigidly attached to a 100-mm-radius drum as 
shown. One of the drums rolls without sliding on the surface shown, 
and a cord is wound around the other drum. Knowing that end E of 
the cord is pulled to the left with a velocity of 120 mm/s, determine 
(a) the angular velocity of the drums, ( b ) the velocity of the center of 
the drums, (c) the length of cord wound or unwound per second. 


SOLUTION 


Since the drum rolls without sliding, its instantaneous center lies at B. 



(a) 


v £ = v D = 120 mm/s 


V A — r AIB t A V D — r D!B CO 
120 


CO-- 


V 


D 


r D/B 100-60 


= 3 rad/s 


w = 3.00 rad/s J 4 


(b) 


v A = (60)(3.00) = 180 mm/s 


v A = 180 mm/s —- ◄ 

Since \ A is to the right and v D is to the left, cord is being unwound. 
v A — v E =180 + 120 = 300 mm/s 

(c) Cord unwound per second = 300 mm M 
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1 

L 

PROBLEM 15.78 



V A 

A 

The spool of tape shown and its frame assembly are pulled upward at a 
speed v A = 750 mm/s. Knowing that the 80-mm-radius spool has an angular 
velocity of 15 rad/s clockwise and that at the instant shown the total 



1 . z' \ 

thickness of the tape on the spool is 20 mm, determine (a) the instantaneous 



. SO mm \ 

center of rotation of the spool, (b) the velocities of Points B and D. 


3 f 

) 

B 



' 

V B 

' 
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PROBLEM 15.79 

The spool of tape shown and its frame assembly are pulled upward at a 
speed v A —100 mm/s. Knowing that end B of the tape is pulled 
downward with a velocity of 300 mm/s and that at the instant shown 
the total thickness of the tape on the spool is 20 mm, determine (a) the 
instantaneous center of rotation of the spool, ( b ) the velocity of Point D 
of the spool. 


SOLUTION 


v D - v A - 100 mm/s 


(a) Since v 0 and v B are parallel, instantaneous center C is located at intersection of BC and line joining 
end points of \ D and \ B . 

Similar triangles . 

OC BC _ OC + BC 

\’b V 0 + v B 


V, 


0 


OC = 


V, 


0 


Vq+Vb 


(OC + BC) 


OC = 


100 mm/s 


(100 + 300) mm/s 
= 25 mm 


(100 mm) 



(b) 


v D _ v' 0 v D _ 100 mm/s 

( DO) + (OC ) (OC) ’ (80+ 25) mm 25 mm 


\ D = 420 mm/s -4 
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PROBLEM 15.80 

The arm ABC rotates with an angular velocity of 4 rad/s 
counterclockwise. Knowing that the angular velocity of the 
intermediate gear B is 8 rad/s counterclockwise, determine 
(a) the instantaneous centers of rotation of gears A and C, (b) the 
angular velocities of gears A and C. 
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PROBLEM 15.82 

An overhead door is guided by wheels at A and B that roll in 
horizontal and vertical tracks. Knowing that when 0 = 40° the 
velocity of wheel B is 1.5 ft/s upward, determine (a) the angular 
velocity of the door, ( b ) the velocity of end D of the door. 
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PROBLEM 15.83 

Rod ABD is guided by wheels at A and B that roll in horizontal and 
vertical tracks. Knowing that at the instant shown j) = 60° and the 
velocity of wheel B is 40 in./s downward, determine (a) the angular 
velocity of the rod, (b) the velocity of Point D. 


SOLUTION 



We locate the instantaneous center by drawing lines perpendicular to \ A and \ D . 

(a) Angular velocity . 

v B = ( BC)co 
40 in./s = (12.99 in.)<y 

(D- 3.079 rad/s CO = 3.08 rad/s ^ A 


( b ) Velocity of D: 

7 5 25 98 

In ACDE: y = tan' 1 — = 16.1°; CD = — : — = 27.04 in. 

25.98 cos y 

v D = (CD)cd= (27.04 in.)(3.079 rad/s) = 83.3 in./s 

\ D =83.3 in./sk 16.1° v c = 83.3 in./s ^ 73.9° ◄ 
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PROBLEM 15.84 

Rod BDE is partially guided by a roller at D which moves in a 
vertical track. Knowing that at the instant shown the angular 
velocity of crank AB is 5 rad/s clockwise and that /j = 25°, 
determine (a) the angular velocity of the rod, (b) the velocity of 
Point E. 
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PROBLEM 15.84 (Continued) 


(b) Velocity of Point E. 


Locate Point F on the diagram. 


CF = 700cos25°mm F£ = 200sin25° 


FE 200 sin 25° 2 

tan y- -=-= — tan 25 = 0.13323 

CF 700cos 25° 7 


y-1 .6° J3 = 90° -y= 82.4° 


Ice = f .CF) 2 + (FE) 2 = 640.02 mm = 0.64002 m 


v E = l CE C 0 = (0.64002X2.8394) 

\ E =1.817 m/s ^82.4° ◄ 
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PROBLEM 15.85 

Rod BDE is partially guided by a roller at D which moves in a vertical 
track. Knowing that at the instant shown [5 = 30°, Point E has a 
velocity of 2 m/s down and to the right, determine the angular 
velocities of rod BDE and crank AB. 


SOLUTION 


Crank AB: When AB is vertical, the velocity v B at Point B is horizontal. 

Rod BDE\ Draw a diagram of the geometry of the rod and note that \ B is horizontal and \ D is vertical. 



Locate Point C, the instantaneous center C, by noting that CB is vertical and CD is horizontal. From the 
diagram, with Point F added, 

CF = 700 cos 30° mm FE = 200 sin 30° mm 

CE = fcF) 2 + (FE) 2 = 614.41 mm = 0.61441 m 


Angular velocity of rod BDE 


v E 2 m/s 
(CE) ~ 0.61441m 


3.2552 rad/s 


Velocity ofB. CB = 500 sin 30° mm = 250 mm = 0.250 m 

v B = (CB)co bde = (0.250X3.2552) 

\ B = 0.81379 m/s -— 

Angular velocity of crank AB: AB -120 mm = 0.120 m 

Vo 0.81379 m/s 

tn, n = —— =- 

AB (AB) 0.120 m 


®bde - 


3.26 rad/s J ◄ 


(o AB = 6.78 rad/s 4 
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PROBLEM 15.86 

Knowing that at the instant shown the velocity of collar D is 1.6 m/s 
upward, determine (a) the angular velocity of rod AD, (b) the velocity 
of Point B, (c) the velocity of Point A. 


SOLUTION 



We draw perpendiculars to v B and \ D to locate instantaneous center C. 

(a) Angular velocity: 

v D = (CD)co 1.6 m/s = (0.31177 m)co 

co-5. 132 rad/s co = 5.13 rad/s A 

(ib ) v B = (BC)co = (m mm)(5.132 rad/s) 

v D = 923.76 mm/s \ D = 0.924 m/s •*— A 

(c) v A = ( AC)co 


In triangle ACE: 


tan P = 


207.85 mm 
300 mm 


P = 34.72° 


AC = yl( 207.85) 2 + (300) 2 AC = 364.97 mm 
v A =(364.97 mm)(5.132 rad/s) = 1873.0 mm/s 

v A = 1.870 m/s 7^34.7° ◄ 
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PROBLEM 15.87 

Knowing that at the instant shown the angular velocity of rod BE is 
4 rad/s counterclockwise, determine (a) the angular velocity of rod AD, 
( b ) the velocity of collar D, ( c ) the velocity of Point A. 
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PROBLEM 15.88 




. pj 

Rod AB can slide freely along the floor and the inclined 





plane. Denoting by \ A the velocity of Point A, derive an 





expression for ( a ) the angular velocity of the rod, (b) the 

V A 

5^ 

cf'e 

/x 

velocity of end B. 


SOLUTION 

Locate the instantaneous center at intersection of lines drawn perpendicular to \ A and v B . 
Law of sines. 


AC 


BC 


sin[90° ~(jB - 0)] sin(90° - 6>) 

/ 


AC 


sin [3 

_ BC 

cos(/? - 6) cos 0 
1 


AC = 1 


sin P 

cos (P - 0) 


BC — 1 


sin p 
cos 0 
sin P 



(i a ) Angular velocity: 


v A = (AC)co = / 


cos (P - 0) 
sin P 


CO 


_Va sin ,6 ^ 

l cos (fi-O) 


( b ) Velocity of B: 


v,= (B C)<»=/^ 

sin p 


v e sin P 
l cos (p - 0) 


cos 0 


cos (P - 0) 
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PROBLEM 15.89 (Continued) 


(b) 

cos 6 

A cos (J3-6) 



= (8 ft/s) COS20 ° 

cos(50° - 20°) 



v B = 8.6805 ft/s 

\g = 8.68 ft/s ^ 50° ◄ 
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PROBLEM 15.90 

Two slots have been cut in plate FG and the plate has been 
placed so that the slots fit two fixed pins A and B. Knowing that 
at the instant shown the angular velocity of crank DE is 6 rad/s 
clockwise, determine (a) the velocity of Point F, (b) the velocity 
of Point G. 


SOLUTION 


Crank DE: 


Rod EF: 
Plate FG: 


v E = {DE)co de = (72 mm)(6 rad/s) 
\ E — 432 mm/s 1 
(v F ) y =v E = 432 mm/s * 



n't r*.\M 0 



y A and v /; are velocities of points on the plate next to the pins A and B. We draw lines perpendicular to 
v A and v /; to locate the instantaneous center C. 

(i a ) Velocity of Point F: 


v F = ( CF)co 

(v F ) y =[(CF)m]cos y 0 = [(CF)cos y 0]m 


But ( v f)y —432 mm/s and (CF) cos /? = 480 mm: 

432 mm/s = (480 mm)ffl 
CO- 0.9 rad/s 


ft) = 0.9 rad/s J) 
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PROBLEM 15.90 (Continued) 


( b) 


CF =487.97 mm 
P = 10.37° 
v F ={CF)co 

= (487.97 mm)(0.9 rad/s) 
= 439.18 mm/s 

\p = 439 mm/s / 10.4° 

Velocity of Point G: 

CG = 456.78 mm 
7=20.50° 
v G = ( CG)co 

= (456.78 in.)(0.9 rad/s) 
v G =411.11 mm/s 


27. 



C 


v F =439 mm/s ^79.6° ◄ 



ICO 

v G = 411 mm/s 20.5° 4 
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SOLUTION 


Draw the slider, rod, and disk at 6 — 0°. 

Let Point P be the contact point between the disk and the incline. It is the instantaneous center of the disk. 
\ A is parallel to the incline. So that 



(b) Velocity of Point B. 


V A = V A 30° 

Constraint of slider: 


To locate the instantaneous center C of the rod AB, extend the line AP to 
meet the vertical line through P at Point C. 

/, c =/ 4/j /sin30° 

lBC ~ lAB I t an 30 

Angular velocity of rod AB. 

_ v A _ v A sin30° _ (1.2 m/s)sin30° 

Mae j i r. 

AC AB 06 m 

0 ) AH = 1.000 rad/s ^ 4 


v b ~ Ibc^ab 


L 


tan30 c 


sin 30 ° _ y^ cos 3Qo _i 2 cos 3q° 


\ B =1.039 m/s —- -4 
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125 mm 



PROBLEM 15.92 

Arm ABD is connected by pins to a collar at B and to crank DE. 
Knowing that the velocity of collar B is 400 mm/s upward, determine 
(a) the angular velocity of arm ABD, (b) the velocity of Point A. 


SOLUTION 



= 16 in./s | 


tan y- 


EF _ 125 
DF ~ 300 


"D ~ V D 


v d ^Y 


Locate the instantaneous center (Point C) of bar ABD by noting that velocity directions at Points B and D are 
known. Draw BC perpendicular to \ B and DC perpendicular to \ D . 


(a) 


( b ) 


CJ - (DJ ) tan y-(\ 60) 


125 


= 66.667 mm 


v300, 

CB - JB-CJ — 320 - 66.667 = 253.33 mm 


0) 


v 


400 


ABD 


= -2- = - = 1.57895 rad/s 


CB 253.33 
CK - CB + BK = 253.33 +180 = 433.33 mm 
90 


a KA 
tan B - -= 

' /nr/ 


CK 433.33 


, /3 = 11.733°, 90° -,0 = 78.3° 


AC = 


CK 


433.33 


■ = 442.58 mm 


cos/? cos 11.733° 
v A = ( AC)co abd = (442.58X1.57895) = 699 mm/s 


CO abd =1-579 rad/s J 4 


v, =699 mm/s ^178.3° ◄ 
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125 mm 


90 mm 


A 

-<§> 


160 mm 



300 mm 


180 mm 


-320 mm- 


PROBLEM 15.93 

Arm ABD is connected by pins to a collar at B and to crank DE. Knowing 
that the angular velocity of crank DE is 1.2 rad/s counterclockwise, 
determine (a) the angular velocity of arm ABD, (b) the velocity of Point A. 


SOLUTION 



tan y= — = —, y-22.620°, ED = ^- = ^- = 325 mm 
DF 300 cos y cos y 

v D = ( ED)co de = (325)(1.2) = 390 mm/s \ D = 390 mm/s X y 

= V B J 

Locate the instantaneous center (Point C) of bar ABD by noting that velocity directions at Points B and D are 
known. Draw BC perpendicular to v B and DC perpendicular to v D . 


CJ = {DJ)\.any= {\60) 


125 


DJ 160 


(a) 


- = 66.667 mm, CD = 

v 300 ) cos y cos y 

390 


co ABD = = _^L = 2.25 rad/s ') 

CD 173.33 


= 173.33 mm 

= 2.25 rad/s A 


oo 


'ABD 


CK - KJ - CJ - 500 - 66.667 = 433.33 mm 

(3 = 11.733° 90° - /3 = 78.3° 


„ AK 90 
tan B = -= 


AC = 


CK 433.33 
CK 433.33 


= 442.58 mm 


(b) 


cos p cos p 
v A = ( AC)(O abd = (442.58)(2.25) = 996 mm/s 


v, =996 mm/s 78.3° ◄ 
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PROBLEM 15.94 

Two links AB and BD, each 25 in. long, are connected at B and guided 
by hydraulic cylinders attached at A and D. Knowing that D is stationary 
and that the velocity of A is 30 in./s to the right, determine at the instant 
shown (a) the angular velocity of each link, (b) the velocity of B. 


SOLUTION 


Link DB: Point D is stationary. Assume (o BD = 0 ) BD ). 


v b ~ ( DB)co bd 
7 in. 


tan [3 


21 in. 



P = 16.3° 90° -p = 13.T 


Link AB: Draw the configuration. Locate the instantaneous center C of link AB by noting that the line BC is 
perpendicular to v /; , i.e., along DB, and that AC is perependicular to v A = v A —*\ (v A - 30 in./s). 
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PROBLEM 15.95 

Two 25-in. rods are pin-connected at D as shown. Knowing that B 
moves to the left with a constant velocity of 24 in./s, determine at 
the instant shown (a) the angular velocity of each rod, (b) the 
velocity of E. 
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PROBLEM 15.95 (Continued) 


Rod DE: 



Draw lines perpendicular to \ D and \ E to locate instantaneous center C DE . 

DC de = V(20) 2 +(26.667) 2 = 33.333 in. 

V D - (DC D e )<&DE 

(a) 15 in./s = (33.333 \n)co DE , co DE - 0.45 rad/s (t> DE = 0.450 rad/s J A 

v E = ( EC de )co de = (11.667 in.X0.45 rad/s) 

( b ) v E = 5.25 in./s \ E = 5.25 in./s -* — A 
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PROBLEM 15.96 

Two rods ABD and DE are connected to three collars as shown. Knowing 
that the angular velocity of ABD is 5 rad/s clockwise, determine at the 
instant shown (a) the angular velocity of DE, (b) the velocity of collar E. 
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PROBLEM 15.97 

Two collars C and D move along the vertical rod shown. Knowing 
that the velocity of collar C is 660 mm/s downward, determine 
(a) the velocity of collar D, (b) the angular velocity of member A B. 


SOLUTION 


Instantaneous centers: 


Geometry. 


Member BC. 


Member BD. 

(a) 

(b) 


AB = 400 mm 
at / for BC. 
at J for BD. 


IC = 


240 

-1(220) = 165 mm 

v 320. 


( 240 ^ 

7£>= - (420) = 315 mm 

1320 J 

AI =[ — |(400) = 275 mm 
(,320 J 

BI = AB - AI - 400 - 275 = 125 mm 
BJ - BI - 125 mm 



v c = 660 mm/s j 


v c 660 

C0 Rr = — =-= 4 rad/s 

BC IC 165 

v B = ( BI)co bc = (125 mm)(4rad/s) = 500 mm/s 


co. 


'BD 


V _B 

BJ 


500 mm/s 

-= 4 rad/s 

125 mm 


\ D = ( JD)co bd = (315 mm)(4 rad/s) 

v R 500 mm/s 

°ab = ~~ =- 

AB AB 400 mm 


v D = 1260 mm/s j -4 
(O ab — 1.250 rad/s 4 
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PROBLEM 15.98 (Continued) 


Rod AB: 

V B = (BC 2 )GJab 

20\/2 in./s = (17^2 in .)co AB 



20 

0) iR =— rad/s = 1.1765 rad/s 

AB 17 

(0 AB =1.177 rad/s 'J A 

(b ) 

v A — (AC 2 )co ab 

= (25 in.)(1.1765 rad/s) 



v A =29.41 in./s 

\ A = 29.4 in./s ◄ 
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PROBLEM 15.99 

Describe the space centrode and the body centrode of rod ABD of 
Problem 15.83. (Hint: The body centrode need not lie on a physical 
portion of the rod.) 

PROBLEM 15.83 Rod ABD is guided by wheels at A and B that roll 
in horizontal and vertical tracks. Knowing that at the instant shown 
f3 = 60° and the velocity of wheel B is 40 in./s downward, determine 
(a) the angular velocity of the rod, ( b ) the velocity of Point D. 
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PROBLEM 15.100 

Describe the space centrode and the body centrode of the gear 
of Sample Problem 15.2 as the gear rolls on the stationary 
horizontal rack. 


SOLUTION 

A' \ 

* 

+ I 

C 

Let Points, A, B, and C move to A', B', and C as shown. 

C 

Since the instantaneous center always lies on the fixed lower rack, the space centrode is the lower rack. 

space centrode’. lower rack A 

Since the point of contact of the gear with the lower rack 
the body centrode is the circumference of the gear. 

is always a point on the circumference of the gear, 

body centrode’. circumference of gear A 
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PROBLEM 15.101 

Using the method of Section 15.7, solve Problem 15.60. 

PROBLEM 15.60 In the eccentric shown, a disk of 2-in.-radius 
revolves about shaft O that is located 0.5 in. from the center A of the 
disk. The distance between the center A of the disk and the pin at B 
is 8 in. Knowing that the angular velocity of the disk is 900 rpm 
clockwise, determine the velocity of the block when 0 = 30°. 


SOLUTION 



{OA) = 0.5 in. oo OA = 900 rpm = 30 n rad/s ) 

\ A = ( OA)co oa = (0.5)(30;r) = 15^ in./s 

v A = v A T 57 60°, \ B =v A -— c 

Locate the instantaneous center (Point C) of bar BD by noting that velocity directions at Point B and A are 
known. Draw BC perpendicular to \ B and AC perpendicular to \ A . 

. {OA) sin 30° 0.5 sin 30° R 

sin p- -=-, 

AB 8 

OB = {OA) cos 30° + {AB) cos /? = 0.5cos30° + 8 cos /3 
= 8.4291 in. 

AC= ° B - OA - 8 ' 4291 _ 0 5 - 9.2331 in. 
cos 30° cos 30° 

BC = {OB) tan 30° = 4.8665 in. 

V, Vo 


co, 


'AB 


‘'A _ V B 

AC BC 


BC 

AC 


(4.8665)(15^) 0/10/1 . ; 

v. = -= 24.84 m./s 

9.2331 


= 24.8 in./s 
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100 mm 



PROBLEM 15.102 

Using the method of Section 15.7, solve Problem 15.64. 

PROBLEM 15.64 In the position shown, bar AB has an angular velocity 
of 4 rad/s clockwise. Determine the angular velocity of bars BD and DE. 


SOLUTION 


Bar AB: (Rotation about A) 0 ) Ali -4 rad/s ') 

AB = 175 mm v B = C0 AB (AB) = (4)(175) 

\ B = 700 mm/s j 

Bar DE: (Rotation about E) (j) DE = co DE J 

DE = yj(275) 2 + (75) 2 = 285.04 mm 


v D =285.04^1/^ 

75 mm 

tan p =-= 0.27273 

275 mm 


Bar BD: 


■ 700 mm/s j. 


■ 285.04<y O£ |/ P 



Locate the instantaneous center of bar BD by drawing line BC perpendicular to \ B and line DC perpendicular 
to \ D . 

BD = 200 mm 

— BD (2001(275) n „ „ 

CB = -=-= 733.3 mm 

tan P 75 

— BD (200X285.04) ,, 

CD = -=-= 760.11 mm 

sin P 75 
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PROBLEM 15.104 

Using the method of section 15.7, solve Problem 15.38. 

PROBLEM 15.38 An automobile travels to the right at a 
constant speed of 48 mi/h. If the diameter of a wheel is 22 in., 
determine the velocities of Points B, C, D, and E on the rim of 
the wheel. 


SOLUTION 









v A = 48 mi/h = 70.4 ft/s 

v c = 0 ◄ 





d- 22 in., r = — d — 1 1 in. = 0.91667 ft 






2 


Point C is the instantaneous center. 




8 



v A 70.4 0 

CO — -4- = - = 76 8 rad/s 


D 


—iTB 


r 9.1667 


/a 

* 

N. 


CB = 2r= 1.8333 ft 


/ Vw 


> 

If 

v B = (CB)co = (1.8333X76.8) = 140.8 ft/s 


l \ 



|y 


\ B = 140.8 ft/s — *- ◄ 


- 



y= ^(30°) = 15° 






11 

a 



CD = 2rcosl5° = (2)(0.91667)cosl5° = 1.7709 ft 





v D = (CD)co = (1.7709X76.8) = 136.0 ft/s 

v D = 136.0 ft/s ^L15.0°< 





CE = r V2 = 0.91667V2 = 1.2964 ft 






v E = (CE)co = (1.2964X76.8) = 99.56 ft/s 

\ E =99.6 ft/s ^45.0° ◄ 
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PROBLEM 15.CQ7 



A rear wheel drive car starts from rest and accelerates to the left so that the 
tires do not slip on the road. What is the direction of the acceleration of the 
point on the tire in contact with the road, that is, Point A? 

(a) -* - (b) (c) t ( d ) I ( e ) 


SOLUTION 

The tangential acceleration will be zero since the tires do not slip, but there will be an acceleration component 
perpendicular to the ground. 

Answer: (c) ^ 
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PROBLEM 15.105 



0.5 m 


A 3.5-m steel beam is lowered by means of two cables unwinding at the 
same speed from overhead cranes. As the beam approaches the ground, 
the crane operators apply brakes to slow down the unwinding motion. 
At the instant considered, the deceleration of the cable attached at A is 
4 m/s , while that of the cable at B is 1.5 m/s . Determine (a) the 
angular acceleration of the beam, ( b ) the acceleration of Point C. 


SOLUTION 

a A = 4 m/s | 
a B = 1.5 m/s 

Assume co- 0. 



(a) Angular acceleration. a = ak 

a B ~ a A + a BIA 

1.5 j = 4j + ak x (3i) = 4j + 3aj 
15-4 

a = - -= -0.83333 

3 



( b ) 


a = -0.833k 


a = 0.833 rad/s 2 J) 


Acceleration of Point C. Because the cables are unwinding at the same speed, co = 0 


a C ~ a A +a C/A ~ a A +CtXr CM 

= 4j +(-0.83333k x3.5i) 

= 4j - 2.9167j = 1.0833j 

a c = 1.083 m/s 2 A 
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I 


* 

n 

-* -3 m-► 



0.5 m 


PROBLEM 15.106 

The acceleration of Point C is 0.3 m/s 2 downward and the angular 
acceleration of the beam is 0.8 rad/s 2 clockwise. Knowing that the angular 
velocity of the beam is zero at the instant considered, determine the 
acceleration of each cable. 


SOLUTION 



co- 0 S* i 

* i 


a- (-0.8 rad/s)k A 

el 

0*. 

1 


c 

a c = 0.3 m/s \ 


--O.Swi 

Acceleration of cable A. 



a A =a c +axr A/c 



= -0.3 j + [—0.8k x (—3.51)] 



= -0.3j + 2.8j = (2.5 m/s 2 )j 

a A = 2.50 m/s 2 4 

Acceleration of cable B. 



a B = a C + aXr B/C 



= —0.3j + [-0.8k x (—0.51)] 



= -0-3 j + 0.4j = 0. lj = (0. 1 m/s 2 )j 

a B = 0.100 m/s 2 j 
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SOLUTION 


Geometry. Let fj be angle BAC. 


4 in 

sin /? = ' p = 30° 

8 in. 

Velocity analysis. 

(0 BC = 45 rpm ) = 4.7124 rad/s J) v A = v A j 


v B = ( BC)co bc = (4)(4.7124) = 18.8496 in./s y B = 18.8496 in./s \ 

v A and v /; are parallel; hence, the instantaneous center of rotation of rod AD lies at infinity. 


(£> ad =0 \ A - \ B - 18.8496 in./s | 

Acceleration analysis. 

o 

II 

Crank BC: 

(a B ) r = ( BC)a = 0 

(°b)« =(BC)a>l c = (4)(4.7124) 2 


a B =88.827 in./s 2 —*- 

Rod ABD: 

a A£> = a AD a A “ a A i 


a A “ a B + ( a AIB )f + ( a A/B )A 


[ci a ] = [88.827 — ] + [8a AD ^fl30 o ] + [8<y 2 0 ^60°] 

Resolve into components. 

0 = 88.827 + 8 ff AD cos30° + 0 a AD - -12.821 rad/s 2 

(a) 

+| : a A =8tt AZ ,sin30° = (8)(—12.821)sin30° = -51.284 in./s 2 


a A =51.3 in./s 2 4 
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PROBLEM 15.109 (Continued) 

(b) a D -a B + ( a D/B ), + ( a D/B ) t 

= [88.827 — ] + [8 a BD 30°] + [8 or BD [ ^ 60°] 

= [88.827 — ] + [(8)(—12.821) 730°] + 0 
= [88.827 —-] + [102.568 ^H30 o ] = [177.653^ +51.284 \] 

a D =184.9 in./s 2 ^2116.1° ◄ 
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PROBLEM 15.110 

End A of rod AB moves to the right with a constant velocity of 6 ft/s. For the 
position shown, determine (a) the angular acceleration of rod AB, ( b ) the 
acceleration of the midpoint G of rod AB. 


SOLUTION 


Use units of ft and seconds. 
Geometry and unit vectors: 


i = l—j = lf, k = 0 

r B/A = -(10cos30°)i + (1 Osin 30°) j r BID = -4j 


Velocity analysis. 
Rod AB: 



Since v 4 and \ B are parallel, the instantaneous center lies at infinity, so (0 AB = 0 and v B - v 4 . 
Acceleration analysis. 

Rod AB: a A = 0 since v 4 is constant. a AB = oc AB ) = cc AB k 


a B ~ a A + a BIA ~ a A + a AB X T B/A C0 AB T B/A 

- 0 + a AB k x (-lOcos 30°i + 5j) - 0 
a B = -(lOcos 30°)a AB j - 5a AB j 


Rod BD: a D = 0, a BD = a BD k 

a B ~ a D + a BID — 0 + a BD X r BID ~ ^BD^BID 

= a BD k x (—4j) - (1.5 ) 2 (—4j) 

= 4a BO i+9j 


Equating the coefficients of j in the expressions (1) and (2) for a B . 


-(lOcos 30°)a AB =9 a AB =-1.0392 


( 1 ) 


(2) 
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PROBLEM 15.110 (Continued) 


(a) Angular acceleration of rod AB: a AB = 1.039 rad/s 2 J A 

(b) Acceleration of midpoint G of rod AB. 

a G ~ a A + a GIA — a A + a X T G/A ~ ^AB^GIA 

= 0-1,0392k x (-5 cos 30°i + 5 sin 30° j) 


a G = (2.60ft/s 2 )i + (4.50ft/s 2 )j =5.20ft/s 2 ^ 60°A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1149 





PROBLEM 15.111 

An automobile travels to the left at a constant speed of 72 km/h. 
Knowing that the diameter of the wheel is 560 mm, determine 
the acceleration (a) of Point B, (b) of Point C, (c) of Point D. 


SOLUTION 


y a = 72 km/h • 


1000 m 


3600 s km 
Rolling with no sliding, instantaneous center is at C. 

v A = (AC)co ; 20 m/s = (0.28 m )co 

Acceleration. 


= 20 m/s 


co = 71.429 rad/s ) 



Plane motion = Trans, with A 


Rotation about A 


a B/A ~ a c/A ~ a D/A ~ ra>1 ~ (0-280 m)(71.429 rad/s) 2 = 1428.6 m/s 2 


(a) 

(b) 

(c) 


a B - a A + a B/A = 0 + 1428.6 m/s 2 { 
a c = a A + a c/A - 0 +1428.6 m/s 21 
a D -a A + a DIA - 0 +1428.6 m/s 2 60° 


a B =1430 m/s 2 A 
a c = 1430 m/s 2 A 

a n =1430 m/s 2 ^60° ◄ 
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PROBLEM 15.112 

The 18-in.-radius flywheel is rigidly attached to a 1.5-in.-radius 
shaft that can roll along parallel rails. Knowing that at the instant 
shown the center of the shaft has a velocity of 1.2 in./s and 
an acceleration of 0.5 in./s 2 , both directed down to the left, 
determine the acceleration (a) of Point A, ( b ) of Point B. 


SOLUTION 


v G = rco, CO- — = ^ = 0.8 rad/s ) 


h) 


Velocity analysis. 

Let Point G be the center of the shaft and Point C be the point of contact with the rails. Point C is the 
instantaneous center of the wheel and shaft since that point does not slip on the rails. 

Shaft ''X 

— —— — VJ.O IdU/h J 

r 

Acceleration analysis. 

Since the shaft does not slip on the rails, O 

a c =« c \|20 o 

Also, a G =[0.5 in./s 2 T^20°] 

a C = a G + ( a C/G )f + ( a C/G )n 

[a c N 20°] = [0.5 in./s 2 T 7 ' 20°] + [1 ,5a 20°] + [1 ,5<y 2 N 20°] 

Components T 57 20°: 0.5 = -1.5ct a- 0.33333 rad/s 2 ) 


(cl) Acceleration of Point A. 

a A = a G + ( a A/G )f + ( a A/G )/i 

= [0.5 20°] + [18a — ] + [18<y 2 J ] 

= [0.4698 —] + [0.1710(] + [6 —]+ [11.52 J] 

= [6.4698 -—] + [11.670,] a A = 13.35 in./s 2 ^61.0° ◄ 

(b) Acceleration of Point B. 

a B - a G + ( a B/c \ + ( a B/c)n 

= [0.5 20°] + [18a — ] + [18<y 2 ) ] 

= [0.4698— ] + [0.1710, ] + [6 — ] + [11.52)] 

= [5.5302 —*-] + [11.349*] a B = 12.62 in./s 2 ^64.0° ◄ 
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PROBLEM 15.113 

A 3-in.-radius drum is rigidly attached to a 5-in.-radius drum as shown. 
One of the drums rolls without sliding on the surface shown, and a cord is 
wound around the other drum. Knowing that at the instant shown end D of 
the cord has a velocity of 8 in./s and an acceleration of 30 in./s 2 , both 
directed to the left, determine the accelerations of Points A, B. and C of 
the drums. 


SOLUTION 


Velocity analysis. 

v c = v A - 8 in./s 

Instantaneous center is at Point B. 

v A = (AB)co, 8 = (5 - 3 )co 

CO- 4 rad/s J 

Acceleration analysis. 

a /; = [a B ] for no slipping. 

a = a) 

a A = [30 in./s 2 ] + [(a A )„ j ] 

a G = '* ] 

a B ~ a A + ( a fiM )? + ( a B/A)« 

[a# f] = [30 —] + [(a A )„ {] + [(5 - 3)cr—«-] + [5 - 3)<y 2 j] 

Components + r • 

0 = -30 + 2 a a - 15 rad/s 2 ^ 

a B ~ a c + ( a B/G h + ( a BIG 

[a B i ] = \a c *— ] + [5a — ] + [5<y 2 |] 

Components +, • 

0 = -a G +5 a a c -5a- 75 in./s 2 

A 

a B = (5)(4) 2 = 80 in./s 2 a B = 80.0 in./s 2 1 A 

a A~ a G + ( a A/G )/ + ( a A/G )« 

= [75 -*— ] + [3a —*- ] + [3<y 2 1 ] 

= [75 -* — ] + [45 — *■ ] + [48 1 ] 

= [30 in./s 2 — ] + [48 in./s 2 *] 

a A = 56.6 in./s 2 2^58.0° ◄ 
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PROBLEM 15.113 (Continued) 

a C ~ a C + ( a C/G \ + ( a C/G )/! 

= [75-*—] + [5or ] + [5<y 2 -—] 

= [75 -*—] + [75 j] + [80 -*—] 

= [155 in./s 2 -<— ] + [75 in./s 2 f] 

a c = 172.2 in./s 2 ^25.8° ◄ 
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PROBLEM 15.114 

A 3-in.-radius drum is rigidly attached to a 5-in.-radius drum as shown. One 
of the drums rolls without sliding on the surface shown, and a cord is wound 
around the other drum. Knowing that at the instant shown end D of the cord 
has a velocity of 8 in./s and an acceleration of 30 in./s 2 , both directed to the 
left, determine the accelerations of Points A, B, and C of the drums. 


SOLUTION 

Velocity analysis. 

\ D - \ B = 8 in./s 

Instantaneous center is at Point A. 

v b -{AB)co, 8 = (5-3)ty 

Acceleration analysis. 

00- 4 rad/s J) 

a A = [a A \ ] for no slipping, a = a ) 

Components 

a s =[30 in./s 2 ] + [( a B )„ j ] 

a c = [ fl c ” ] 

a A = a B + ( a AIB )f + ( a A/B )« 

K t ] = [30 — ] + \{a B ) n | ] + [(5 - 3)a -— ] + [(5 - 3)]ty 2 1 ] 

0 = -30 + 2ct a = 15 rad/s 2 ) 

Components + >: 

a A~ a G + ( a A/G )f + ( a A/G )« 

°a - [% , '] + [3cr-" l + tSty ] 

0 = a G - 3a a G = 3a = 45 in./s 2 

A 

a A = 3co 2 = (3)(4) 2 = 48 in./s 2 a A = 48.0 in./s 2 1 ◄ 


a B ~ a G + ( a B/c)f + ( a B/c\i 

= [45 —*■ ] + [5cr -*— ] + [5<y 2 1 ] 

= [45 —H + [75 •*—] + [801 ] 

= [30 in./s 2 —] +[80 in./s 2 ] 

a B =85.4 in./s 2 ^69.4° ◄ 
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PROBLEM 15.114 (Continued) 


a c = a c + ( a C/G )f + ( a C/G )/i 


= [45—►] + [5a{] + [5<y 2 -*—] 


= [45—►] + [75,] + [80 -*—] 


= [35 in./s 2 -*—] + [75 in./s 2 ] 

a c =82.8 m./s 2 765.0° ◄ 
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PROBLEM 15.115 



A carriage C is supported by a caster A and a cylinder B, each of 
50-mm diameter. Knowing that at the instant shown the carriage 
has an acceleration of 2.4 m/s 2 and a velocity of 1.5 m/s, both 
directed to the left, determine ( a ) the angular accelerations of the 
caster and of the cylinder, ( b ) the accelerations of the centers of 
the caster and of the cylinder. 
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PROBLEM 15.116 

Mhl 

i— -(i) 80 mm 

8 \ f / 1 

A wheel rolls without slipping on a fixed cylinder. Knowing that at the 
instant shown the angular velocity of the wheel is 10 rad/s clockwise 

m fe-_1. 

and its angular acceleration is 30 rad/ s 2 counterclockwise, determine 
the acceleration of (a) Point A, (b) Point B. (c) Point C. 

1 ' • i: 



SOLUTION 

Velocity analysis. r = 0.04 m co = 10 rad/s J 

Point C is the instantaneous center of the wheel. 

v A = \(rOJ) — ] = [(0.04)(10)-l = 0.4m/s-] 

Acceleration analysis. O' = 30 rad/s 2 j 

Point A moves on a circle of radius p-R+r- 0.16 + 0.04 = 0.2 m. 

Since the wheel does not slip, 

a C = a A + ( 3 C/a) f + ( a C/A)n 


a c — a c | 


[«c j] = [(«A>f "-1 + 




P 

(0-4) 2 
0.2 


+ [ra —► ] + [r<y 2 ] 


1 


+ 


[(0.04X30) —►] + [(0.04)(10) 2 |] 


= [(a A ), —] + [0.8 |] + [1.2 — ] + [4 (] 

Components. +, : — (o A ) r +1.2 = 0 (a A ) t - 1.2 m/s 2 

+ |: o c =-0.8 + 4.0 a c =3.2m/s 2 

(o) Acceleration of Point A. 

a A =[1.2 m/s 2 -* — ] + [0.8 m/s 2 ,] 


a. = 1.442 m/s 2 33.7° ◄ 
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PROBLEM 15.116 (Continued) 

( b ) Acceleration of Point B. a B - a A + (st B/A ), + (a B/A )„ 

a B = [1.2 -*—] + [0.8 ] + \ra |] + [rco 2 —► ] 

= [1.2 — ] + [0.8 ] + [(0.04)(30) ] + [(0.04)(10) 2 — ] 

= [2.8 m/s 2 — ] + [2 m/s 2 J] a B = 3.44 m/s 2 ^ 35.5° ◄ 

(c) Acceleration of Point C. a c — a c \ a c ~ 3.20 m/s 2 M 
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180 mm/s 



PROBLEM 15.117 

The 100 mm radius drum rolls without slipping on a portion of a 
belt which moves downward to the left with a constant velocity of 
120 mm/s. Knowing that at a given instant the velocity and 
acceleration of the center A of the drum are as shown, determine 
the acceleration of Point D. 
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PROBLEM 15.118 

In the planetary gear system shown the radius of gears A, B, C, and D is 
3 in. and the radius of the outer gear £ is 9 in. Knowing that gear A has 
a constant angular velocity of 150 rpm clockwise and that the outer 
gear E is stationary, determine the magnitude of the acceleration of the 
tooth of gear D that is in contact with (a) gear A, (b) gear E. 


SOLUTION 


Velocity . T = Tooth of gear D in contact with gear A 
Gears: v T = rco A = (3 in ,)o A 

Since v E — 0, E is instantaneous center of gear D. 



v T = 2 rco D 


(3 in.)<y A = 2(3 in .)co D 


1 


v D = rco D = (3 in.)-^<y A = (1.5 in ,)co A 

Spider: 

v D - (6 in ,)co s 


(1.5 in.)<y A = (6 in .)co s 


1 

co s ~ — co A 


C0 A = 150 rpm = 15.708 rad/s v 


0) D = ^co A = 7.854 rad/s ) 
co s -^co A - 3.927 rad/s ) 

Acceleration. 


Spider: 

co s = 3.927 rad/s 


a D = ( AD)a>l = (6 in.)(3.927 rad/s) 2 
a 0 = 92.53 in./s 2 / 



% 
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PROBLEM 15.118 (Continued) 



Plane motion = Trans, with D + Rotation about D 
(. a ) Tooth T in contact with gear A. 

a £ = + (DT)a>0 

= 92.53 in./s 2 / + (3 in.)(7.854 rad/s) 2 / 

= 92.53 in./s 2 / + 185.06 in./s 2 / 
a r =92.53 in./s 2 / 

(b) Tooth E in contact with gear E. 

a £ = a D + a £7£) = a n + ( ED)(O d 

= 92.53 in./s 2 / + (3 in.)(7.854 rad/s) 2 
= 92.53 in./s 2 / + 185.06 in./s 2 / 
a £ = 277.6 in./s 2 / 


= 92.5 in./s 2 A 


a E = 278 in./s 2 ^ 
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PROBLEM 15.119 

The 200-mm-radius disk rolls without sliding on the surface 
shown. Knowing that the distance BG is 160 mm and that at 
the instant shown the disk has an angular velocity of 8 rad/s 
counterclockwise and an angular acceleration of 2 rad/s 2 
clockwise, determine the acceleration of A. 


SOLUTION 

Units: m, m/s, m/s 2 

Unit vectors: i = l—*% j = l , k = l 

Geometric analysis. Let P be the point where the disk contacts the flat surface. 

r GM = 0.200j r g/c =-0.16i 

r A/B = - Vo.600i - 0.200j 

Velocity analysis. co c = (8 rad/s)k, \ p = 0, v A =v A i 

y B ~ y P + y G/P ~ y P + W G X r G/P 

= 0 + 8k x (-0.160i + 0.200j) = —1.6i — 1.28 j 

U4 = + y MB = y B+ »AB X F MB 

v A i = —1.6i — 1.28 j + co AB k x (—■y/0.600i - 0.200j) 

=—1.6i — 1.28j - 0.77460<y AB j + 0.2<y AB i 

Resolve into components and transpose terms. 

j: 0.77460<y AB =-1.28 oo AB - -1.6525 rad/s 4 

Acceleration analysis: a A = a A j, a c = -2 rad/s 2 k 

a P = (coir )j - (8) 2 (0.2)j = (12.8 m/s 2 )j 

a B ~ a P + a BIP — X r BIP ~ m G r BIP 

= 12.8 j + (-2k) x (-0.160i + 0.200j) - (8) 2 (-0.160i + 0.200j) 

= 12.8 j + 0.32j + 0.4i + 10.24i -12.8 j 
= 10.64i + 0.32j 

a A ~ a B + a AIB ~ a B + a AB^- X V MB ~ C0 ~AB r AIB 

= 10.64i + 0.32 j + a AB k x (-V0.600i - 0.200j) - (1,6525) 2 (-V0.600i - 0.200j) 

= 10.64i + 0.32j - 0.77460a AB j + 0.2a AB i + 2.1151 + 0.54615j 
u A i = 12.755i + 0.86615j + 0.2a AB i - 0.77460cr AB j 
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PROBLEM 15.120 

Knowing that crank AB rotates about Point A with a constant angular velocity of 
900 rpm clockwise, determine the acceleration of the piston P when 6 = 60°. 
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PROBLEM 15.120 (Continued) 

+ r : 0 = -444.13 cos 30° + 0.1 5a BD cos /? + 40.376sin /? 

a BD = 2597.0 rad/s 2 

+ ): a D = 444.13 sin 30° - (0.15)(2597.0)sin /? +40.376 cos J3 

- 148.27 m/s 2 a P =a D a P - 148.3 m/s 2 1 ^ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1166 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1167 






PROBLEM 15.121 (Continued) 

+ .: 0 = -444.13 cos 30°+ 0.15 a BD cos /3 + 40.376 sin /? 
a BD = 2597.0 rad/s 2 

+ J: a D = -444.13 sin 30° - (0.15)(2597.0) sin p + 40.376 cos p 

= -296m/s 2 a P -a D a P = 296 m/s 2 f 
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D 



2 in. 


PROBLEM 15.123 

The disk shown has a constant angular velocity of 500 rpm counter-clockwise. 
Knowing that rod BD is 10 in. long, determine the acceleration of collar D 
when (a) 0 = 90°, (b) 0 = 180°. 


SOLUTION 

Disk A. (0 A = 500 rpm = 52.36 rad/s ^ 

a A = 0, (AB) = 2 in. 
v B = ( AB)co a = (2)(52.36) = 104.72 in./s 
a B = (AB)co a = (2)(52.36) 2 = 5483.1 in./s 2 

(a) 0-90°. \ B = 104.72 m/s{, v D =v D \ 

sin ,0 = —= 0.4 p - 23.58° 

5 in. 

\ D and v /; are parallel. 

^bd ~ ® 

a B - 5483.1 in./s 2 —►, a D = a D ^ a BD =a BD ) 

a D/B ~ [(BD)a BD ^p] + [(BD)4 d V P\ 

= [l0oc BD ^P] + 0 

a D - a B + a D/B Resolve into components. 

0 = 5483.1 + (10 cos P)a BD a BD = -598.26 rad/s 2 
a D =0- (10 sin/?)(-598.26) + 0 = 2393.0 in./s 2 a D = 199.4 ft/s 2 ] ◄ 
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PROBLEM 15.126 

A straight rack rests on a gear of radius r — 3 in. and is attached to 
a block B as shown. Knowing that at the instant shown 6 = 20°, 
the angular velocity of gear D is 3 rad/s clockwise, and it is 
speeding up at a rate of 2 rad/s 2 , determine (a) the angular 
acceleration of AB, (b) the acceleration of block B. 


SOLUTION 



Let Point P on the gear and Point Q on the rack be located at the contact point between them. 

Units: inches, in./s, in./s’ 



Unit vectors: 

ii 

ii 

J 

ii 


Geometry: 

r P / D = 3(sin 0\ + cos #j) 



3 

f b/q = „ (cos 6\ sin 0\) 

tan 0 



O 

O 

<N 

II 


Gear D: 

“gear = 3 fad/s ) 

“gear = 2 ) 


Vp = <y gear r = (3)(3) = 9 in./s 

v P =9in./s^6> 

(a P ) n = * y gear r = (3) 2 (3) = 27 in./s 2 

( a p)„ = 27 in./s 2 /j 0 


(a P ), = ttgeaU = (2)(3) = 6 in./s 2 

(a P ), =6 in./s 2 

Velocity analysis. 



Gear to rack contact: 

v G = Vp = 9 in./s ^ 0 


Rack AQB: 

= m] AB f a AB ~ a AB ) 



V B = V B a B ~ a B " 



v B = Vg + v B/ Q — Vg + co AB k x r B/Q 



v B i = 9(cos Oi - sin #j) + co AB k x (7.74535i - 2.81908j) 


= (9cos^ + 2.81907<w AB )i + (-9 sin 6^ + 2.81907 

Equating like components, 

j: 

0 — —9 sin 0 + 7.74535<w ab 



co AB — 0.39742 (o AB 

= 0.39742 rad/s 
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PROBLEM 15.126 (Continued) 

Acceleration analysis. 

Gear to rack contact: 

(a e ), = (a P ), = 6 in./s 2 0 

(a e )„=(a P ) n + r(o; d \/e 

where 

& rd - co AB — to D = 3.39742 rad/s ) 

(a g )„ = 27 in./s 2 /| 20° + (3)(3.39742) 2 |/20 o 

= 7.6274 in./s 2 \/2Q° 

Then, 

a Q - 6(cos 6i - sin Of) + 7.6274(sin Oi + cos tfj) 

= (8.2469 in./s 2 )i + (5.1153 in./s 2 )j 

a B ~ a Q + a b/ q — a Q + a AB k x r BIQ — co ab v b/ q 

a B i = 8.2469i + 5.1153j + a AB k x (7.74535i - 2.81908j) 

- (0.39742) 2 (7.74535i - 2.81908j) 

= (8.2469 + 2.81908a AB —1.22332)1 
+ (5.1153 + 7.74535cr AB +0.44526)j 

Equating like components of a B , 

j: 0 = 5.1153 + 7.74535tf AB +0.44526 

a AB — -0.71792 rad/s 

2 

i: a B =8.2469 + (2.81908)(—0.71792) —1.22332 

a B = 5.00 in./s 2 

(a) Angular acceleration of AB: 

a AB - 0-718 rad/s 2 J A 

( b ) Acceleration of block B : 

a B =5.00 in./s 2 —*- -4 
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1 



* F - PROBLEM 15.127 

90 mm 




f- 

-—^ fi 

lJ 

Knowing that at the instant shown rod AB has a constant angular 

90 mm 

^^yyy^ 


velocity of 6 rad/s clockwise, determine the acceleration of 


B 

B 


Point D. 

90 mm 




J 

Ji 

*J\C 



-225 mm-► 

[«-225 mm-*- 



SOLUTION 


Velocity analysis. (0 AB = 6 rad/s ) 

\ b — ( AB)co ab 
= (90)(6) 


= 540 mm/s 

—, V D 

The instantaneous center of bar BDE lies at °o. 


Then 


Acceleration analysis. 


C0 BD = 0 and v D 
v n 540 


CD 180 


a AB — 0 


= v B = 540 mm/s 
= 3 rad/s J) 


e 



a B = ( AB)co\ b = [(90)(6) 2 J ] = 3240 mm/s 2 J 

a D - [(CD)a CD — ] + [(CD)4 d J ] = [180a CD — ] + [(180)(3) 2 {] 

= [180# CD -—] + [1620 mm/s 2 t ] 
a die =[90 oc BD ~* ] + [225 oc BD ] + [225 ct) BD - ] + [90 d) BDy \ 

— [90o: B d ■* ] + [225 (X BD ] 

a D — a B + a mu Resolve into components. 

+ }: -1620 =-3240 + 225 a BD , a BD - 7.2 rad/s 2 ^ 

: 180tf CD = 0 + (90)(7.2), a CD = 3.6 rad/s 2 ") 

a fl = [3240 {] + [(90X7.2) — ] + [(225)(7.2) \ ] 

= [648 -—] +[1620 mm/s 2 J 

= 1745 mm/s 2 T 7 " 68.2° a D = 1.745 m/s 2 7 68.2° ◄ 
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PROBLEM 15.128 

Knowing that at the instant shown rod AB has a constant 
angular velocity of 6 rad/s clockwise, determine (a) the 
angular acceleration of member BDE, (b) the acceleration of 
Point E. 


SOLUTION 

Velocity analysis. C0 AB = 6 rad/s ) 

\ B — ( AB)co ab 
= (90)(6) 

= 540 mm/s 

The instantaneous center of bar BDE lies at °o. 

Then co BD = 0 and v D 


£ 



v B =540 mm/s 


Acceleration analysis. 


a. 


CD 
= 0 


27 

~9~ 


3 rad/s ^ 


a B = (AB)co 2 ab = [(90)(6) 2 J ] = 3240 mm/s 2 J 
a D = [(CD)a co — ] + [{CD)4 d \ ] = [180 « CD — ] + [(180)(3) 2 J ] 
= [180ct cd -*—] + [1620 mm/s 2 J 
a DIB = [90 a BD ] + [225 a BD \ ] + [225 or BD ] + [90 <y 2 D | ] 

= [90 a BD — ] + [225 a BD * ] 
a D -& B + a DIB Resolve into components. 

+{: -1620 = -3240+ 225 a BD , a BD = 7.20 rad/s 2 ') 

a cm = [180a BO ] + [450 a BD \ ] + [450<yg D ] + [1 80 co 2 BD J ] 

= [(1 80)(7.2) — ] + [(450X7.2) \ ] + [0 — ] + [0 J ] 

= [1296 mm/s 2 —] + [3240 mm/s 2 j ] 

( b ) a E -a B +a WE = [3240 mm/s 2 J + [1296 mm/s 2 ->—] + [3240 mm/s 2 ] 


= 1296 mm/s 2 - 1 — 


a E =1.296 m/s 9 -*— 4 
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aH 


4J- 




4 in. 

_L 

V 

4 in. 

_ L 


4 in. 


(C 


- 15.2 in. - 


PROBLEM 15.130 

Knowing that at the instant shown bar DE has a constant angular 
velocity of 18 rad/s clockwise, determine (a) the acceleration of Point B. 
( b ) the acceleration of Point G. 


SOLUTION 

Velocity analysis. 


(Ode -18 rad/s 'j 

\ D = (DE)co de = (15.2)(18) = 273.6 in./s 

t'n ” ' ; n | ? V R = V R 


’ D ~ V D |> B ~ V B 

Point C is the instantaneous center of bar BD. 

273.6 


co. 


'BD 


= = 14.25 rad/s ) 

CD 19.2 y 



co 


v B = ( CB)co bd = (8X14.25) = 114 in./s 

• AB = —— - - 14.25 rad/s > ) 

AB AB 8 


Acceleration analysis. 


a DE ~ 0 


— ] = [(15.2)(18) 

— ] + \(AB)cd 2 ah (] 
+ [1624.5 in./s 2 \] 


= [4924.8 in./s 2 


a D _ \(PE)(0 D e 
a B = [( AB)cx ab - 

= [8 a AB —: 

( a D/s)i — [19.2 oc B d T ] + [8 oc B 

- [19.2<y BD ] + [8 co BD ] 

& D = & B + (a D/B ) t + (a D/B ) n Resolve into components. 


*BD 
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SOLUTION 


Relative position vectors. 

r B/A = -( 20 in -)i - (40 in.)j 

r o/ B =( 4 0in.)i 

r D/E = (20 in.)i - (25 in.)j 

Velocity analysis. 


Bar AB (Rotation about A): 

( 0 AB = 4 rad/s ) - -(4 rad/s)k 


r BI A = -(20 in.)i - (40 in.)j v B = x r B/A = (-4k) x (-20i - 40j) 

\ B = -(160 in./s)i + (80 in./s)j 

Bar BD (Plane motion = Translation with B + Rotation about By. 


10 BD — m BlA- r DIB - (40 i n -)i 

v D = v B + co BO x r D/B = \ B + (co BD k) x (40i) 

\ D = -(160 in/s)i + (40co BD + 80 in./s) j 

Bar DE (Rotation about E): 

m ' de ^ 

r die = (20 in.)i - (25 in.)j 
y D — (o DE x r D/E — (<y 0£ k) x (20i — 25j) 

\ D — 20a> DE j + 25a> DE i 

Equating components of the two expression for \ D , 

i: -160 = 25 co DE co DE = -6.4 rad/s 

j • 40 cObe + 80 — 

20(0' DE ‘XOcOb d + 80 = 20(-6.4) co BD = -5.2 rad/s 
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PROBLEM 15.131 (Continued) 

Summary of angular velocities: 

(o ab = 4 rad/s ) io DE = 6.4 rad/s ) i 

Acceleration analysis. 

a AB = 0, oC/j/j = a BD k, a. DE — (x DE k 

Bar AB (Rotation about A): 

2 

a B = X r BIA ~ a> AB r B!A 


O 

1 

o 

(N 

Oi 

1 

O 

II 


= (320 in./s 2 )i + (640 in./s 2 ) j 


Bar BD (Translation with B + Rotation about B ): 

a r 


= 320i + 640j + a BD k x (40i) - (5.2) 2 (40)i 
= 320i + 640j + 40ct BD j —1081.6i 
= -761.60i + (640 + 40et BO )j 


Bar DE (Rotation about E ): 


a D _ a DE X r DIE (i} DE r D/E 


= a DE k x (20i - 25j) - (6.4)“ (20i - 25 j) 
= -20a DE j + 25a DE i - 819.20i + 1024j 
— (25(Xq E — 819.20)i + (20oCq E +1024)j 

Equate like components of a D expressed by Eqs. (1) and (2). 

2 


-761.60 = 25a DE - 819.20 


a DE = 2.3040 rad/s“ 


j: 640 + 40 a BD = (20)(2.304) +1024 

(a) Angular acceleration of bar BD. 

(b) Angular acceleration of bar DE. 


a BD ~ 10.752 rad/s~ 


( 1 ) 


(2) 


a BD ~ 10.75 rad/s 2 1 4 
a DE =2.30 rad/s 2 •-4 
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100 mm 



PROBLEM 15.132 

Knowing that at the instant shown bar AB has a constant angular velocity of 
4 rad/s clockwise, determine the angular acceleration (a) of bar BD, (b) of 
bar DE. 


SOLUTION 


Velocity analysis. 

Bar AB (Rotation about A): (0 AB = 4 rad/s J = -(4 rad/s)k 

r B/A = -( 175 mm) 1 V B = xr B/A = (-4k) x (—1751) 
\ B = (700 mm/s)j 

Bar BD (Plane motion = Translation with B + Rotation about By. 


®BD = ®BD k r DIB = -( 200 mm)j 

v D = + (H BD x t D / B = 700j + (o) BD k)x (—200j) 

\ D = 700j + 200<y BD i 

Bar DE (Rotation about E ): co D£ = co DE k 

r DIE — —(275 mm)i + (75 mm)j 

= co D £ x r D/ E = (« D £ k ) x (- 275i + 75 J) 

\ D — - 27 5a> DE i - 15(D de \ 

Equating components of the two expressions for \ D , 

j: 700 = -215co de a> DE = -2.5455 rad/s ($ DE = 2.55 rad/s J) 

3 

i: 200a) BD — —15 (O bd ( ^de~~t. < ^bd 


Acceleration analysis. 
Bar AB : 

Bar BD: 


®'bd ~ 



(-2.5455) = 0.95455 rad/s 


a AB =0 

a B =~ Cl) AB r B/A =-(4) 2 (-175i) = (2800mm/s 2 )i 

= a BD^~ 

a D~ a B + a BD X r DIB ~ a> BD r DIB 

= 2800i + a BD k x (-200j) - (0.95455) 2 (-200j) 

= (2800 + 200 oCfip )i + 182.23j 


(On 


= 0.955 rad/s ") 


(1) 
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PROBLEM 15.133 

Knowing that at the instant shown bar AB has an angular velocity 
of 4 rad/s and an angular acceleration of 2 rad/s 2 , both clockwise, 
determine the angular acceleration (a) of bar BD, (b) of bar DE by 
using the vector approach as is done in Sample Problem 15.8. 


SOLUTION 


Relative position vectors. 

r B/ A = —(20 in.)i - (40 in.)j 

r dib = (40 in.)i 

r D , E = (20 in.)i - (25 in.) j 

Velocity analysis. 


Bar AB (Rotation about A): 

to AB = 4 rad/s ) = -(4 rad/s)k 


r B/A = -( 20 in -)i - (40 in.)j v /( = m AB x r B/A = (-4k )x (— 20i - 40j) 

\ B = -(160 in./s)i + (80 in./s)j 

Bar BD (Plane motion = Translation with B + Rotation about By. 


— ^biA- t dib ~ (40 i n -)i 

V D = V B + <»BD x r D ,B = V B + (co BD k) X (401) 

\ D = -(160 in/s)i + (40 co BD + 80 in./s) j 

Bar DE (Rotation about E): 

= m ' de k 

r D/E = (20 in.)i - (25in.)j 
\ D =($ DE x r D/E = (co DE k) x (20i — 25 j) 
y D — 20m D£ j + 25co de \ 

Equating components of the two expression for y D , 

i: -160 = 25 co DE co DE - -6.4 rad/s 

j : 40 co BE + 80 — 

20 co DE 40rpg O + 80 = 20(-6.4) co BD = -5.2 rad/s 
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PROBLEM 15.133 (Continued) 


Summary of angular velocities: 
Acceleration analysis. 

Bar AB (Rotation about A) 


to AB = 4 rad/s ) (o DE = 6.4 rad/s ) ta BD - 5.2 rad/s ) 
a AB — (2 rad/s” )k, ^de — 

a fl = X r B/A ~ a> AB r BIA 

= (-2k) x (-20i - 40j) - (4) 2 (-20i - 40j) 

= -(80 in./s 2 )i + (40 in./s 2 ) j + (320 in./s 2 )i + (640 in./s 2 ) j 
= (240 in./s 2 )i + (680 in./s 2 )j 


Bar BD (Translation with B + Rotation about B ): 

a D ~ a B + a BD X r D/B ~ ®BD T DIB 

= 240i + 680j + a BD k x (40i) - (5.2) 2 (40)i 
= 240i + 680j + 40a BD j -1081.6i 

— —841.60i + (680 + 40 oc BB) ) j 

Bar DE (Rotation about E): 

a D ~ a DE X r D/E ~ C0 DE r DIE 

= a DE k x (20i — 25j) — (6.4) 2 (20i - 25 j) 

= 20a DE j + 25a DE i - 819.20i + 1024j 

— (2 5(Xq E — 819.20)i + (20 oc EE +1024) j 


( 1 ) 


(2) 


Equate like components of a D expressed by Eqs. (1) and (2). 

i: -841.60 -25a DE -819.20 a DE = -0.896 rad/s 2 

j: 680 + 40a BD =(20)(-0.896) +1024 a BD = 8.152 rad/s 2 

(a) Angular acceleration of bar BD. 

( b ) Angular acceleration of bar DE. 


a BD = 8.15 rad/s 2 4 

a o E =0.896 rad/s 2 -4 
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100 mm 



PROBLEM 15.134 

Knowing that at the instant shown bar AB has an angular velocity of 4 rad/s 
and an angular acceleration of 2 rad/s 2 , both clockwise, determine the angular 
acceleration ( a ) of bar BD, (b) of bar DE by using the vector approach as is 
done in Sample Problem 15.8. 


SOLUTION 


Velocity analysis. 

Bar AB (Rotation about A): a> AB = 4 rad/s J 1 = —(4 rad/s)k 

r BIA = -( 175 ™)i xr B/A = (~4k) x (—175i) 

\ B = (700 mm/s)j 

Bar BD (Plane motion = Translation with B+ Rotation about B): 

= (,) HD k r D/B = -(200 mm )j 

= V B "f X ^D/B ~ 200 j T (ty^£)k ) x (—200j) 

\ D = 700j + 200(O BD i 


Bar DE (Rotation about E): (0 DE — C0 DE k 

r DIE = -(275 mm)i + (75 mm)j 
\ D — ( 0 DE x t d/e — (co DE k) x (—275i + 75j) 
\ D = —215(0 DE i - 15co DE i 

Equating components of the two expressions for \ D , 

j: 700 = -215(O de co de - -2.5455 rad/s 

3 

i: 200a) BD = —15 co de co bd 


®bd ~ 



(-2.5455) = 0.95455 rad/s 


co D£ = 2.55 rad/s ) 


(0 BD = 0.955 rad/s ) 


Acceleration analysis. 
Bar AB : 

Bar BD: 


a AB = 2 rad/s J — -(2 rad/s 2 )k 

a B = a AB X r B/A — ®AB^BIA 

= (-2k) x (—175i) - (4) 2 (-175i) = 2800 mm/s 2 i + 350 mm/s 2 j 

&BD = a BD k 

a D ~ a B &BD X r DIB ~ ^BD^D/B 

= 2800i + 350j + oc BD k x (-200j) - (0.95455) 2 (—200j) 

= (2800 + 200 a BD )i + 532.23j (1) 
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PROBLEM 15.135 

Robert’s linkage is named after Richard Robert (1789-1864) and can be used 
to draw a close approximation to a straight line by locating a pen at Point F. 
The distance AB is the same as BF, DF and OF. Knowing that at the instant 
shown bar AB has a constant angular velocity of 4 rad/s clockwise, determine 
(a) the angular acceleration of bar DE, ( b ) the acceleration of Point F. 


SOLUTION 



2 

Units: inches, in./s, in./s 



Unit vectors: 

i = l — j = lt k = 0- 


Geometry: 

r WA = 3i + sill 2 -3 2 j = 3i + Vl35j 

r D/B ~ 6i Uv/i = 3i - vT35 j 

r DiE =-3i + Vl35j 


Velocity analysis: 

CO AB = 4 rad/s 2 J = -4 k 


Bar AB: 

v r B = co AB x r B/A = -4k x (3i + yj\ 35 j) = 4A 35i - 12j 


Object BDF: 

y D = y B + V DIB ~ y B + X T DIB 

= 4Vl35i - 12j + ( 0 BD k x 6i 
= 4^1351 - 12j + 6(O bd \ 

(i) 

Bar DE: 

y D ~ ®DE X y DIE = X ( — 3i + Vl35j) 

= —^/l35<y 0£ ■i — 3o) DE j 

(2) 

Equating like components of 

\ D from Eqs. (1) and (2), 


i: 

4^135 = -JU5cq de 

(3) 

j: 12 + 6 co BD — 3 co de 

(4) 

From Eq. (3), 

co DE = -4 co DE - 5 rad/s 


From Eq. (4), 

COgD ~ 0- ^ ~ ) — ^ ®BD ~ ^ r^d/s 
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PROBLEM 15.136 

For the oil pump rig shown, link AB causes the beam BCE to 
oscillate as the crank OA revolves. Knowing that OA has a 
radius of 0.6 m and a constant clockwise angular velocity of 
20 rpm, determine the velocity and acceleration of Point D at 
the instant shown. 


i = l—j = lf, k = l> 

r 0A = 0.6 m, b) OA = 20 rpm ) = 2.0944 rad/s ) 

\ A = co OA r OA = (2.0944)(0.6) \ A = 1.25664 m/s j 

a OA - 0 (a A \= 0 

(a A )n = 0)l A r OA = (2.0944) 2 (0.6) = 2.6319 m/s 2 

a A = 2.6319 m/s 2 —► 

Rod AB: \ B = v A f, 

Since \ B and v A are parallel, v 4 = v B and co AB = 0. 

v B - 1.25664 m/s f 

a B — a A + a BIA — a A + a AB ^ X r BIA ~ C0 AB T BIA 

= 2.6319i + a AB \i x (0.6i + 2j) - 0 

= (2.6319 - 2a AB )i + 0.6a AB j (1) 

Beam BCE: Point C is a pivot. 

v H 1.25664 , 1000 

V B — ®BCE r BC m BCE ~ _ A _ 0.41888 

r BC 3 

v E = co BCE r CE = (0.41888)(3.3) = 1.38230 

^bce =0.41888 rad/s ') \ E = 1.38230 m/s | 

_ 2 
a B ~ a BCE Xr BIC — <a BCE r BIC 

= a BCE k x (—31) - (0.41888) 2 (—3i) 

= 0.52638i — 3(X BCE j 


SOLUTION 

2 

Units: meters, m/s, m/s 
Unit vectors: 

Crank OA: 
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PROBLEM 15.136 (Continued) 


Equating like components of a B expressed by Eqs. (1) and (2), 


i: 

2.6319 - 2a AB = 0.52638 

a ab =1.05276 rad/s 

j: 

0.6(Xab — ~^ a BCE 

a bce ~ -0.21055 rad/s 2 


a AB = 1.055276 rad/s ) 

a bce ~ 0.21055 rad/s 2 J 


a £ = ( a £/cX + ( a E/c\i 
( a E/c\ “ a £C£ xr £/c ~ ( 0.21055k)x(3.3i) 

= -(0.69482 m/s 2 )j 


String ED: 

V D = V £ 

\ D =1.382 m/s j A 


a D = ( a £/c)/ = -(0.69482 m/s 2 )j 

a D =0.695 m/s 2 j A 
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PROBLEM 15.137 


Denoting by r 4 the position vector of Point A of a rigid slab that is in plane motion, 
show that ( a ) the position vector r c of the instantaneous center of rotation is 

V A 

1 

COX V, 

r C= r A+ 2 

CO 

o^: 

r c l C 

where co is the angular velocity of the slab and v 4 is the velocity of Point A, 

(, b ) the acceleration of the instantaneous center of rotation is zero if, and only if, 


a ^ = “^ + C0X ^ 

CO 


where a = crk is the angular acceleration of the slab. 
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PROBLEM 15.140* 

The wheels attached to the ends of rod AB roll along the surfaces 
shown. Using the method of Section 15.9 and knowing that the 
acceleration of wheel B is zero, derive an expression for the 
angular acceleration of the rod in terms of v B , 0, l, and ft. 
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PROBLEM 15.141* 

A disk of radius r rolls to the right with a constant velocity v. Denoting by P the point of the rim in contact 
with the ground at t — 0, derive expressions for the horizontal and vertical components of the velocity of P at 
any time t. 


SOLUTION 


x a = r0 > Va = r 
x P -x A -r sin 0 
= rO—r sin 6 
y P = y A - r cos 6 
= r—r cos 6 

0 = — 
r 



X A ~ D S'A = 0, d = — 
r 

n Vt 

x A = vt, 6- — 
r 


x P = v x = rO - r cos 06 - r 


\ vt^ 

1 - cos — 

V 

V* =V 

f, v 0 

1 — cos — 

1 r ) 

r 

l r) 


y P - v = rsinOO = r I sin — 

r j 


■ vt ^ 
v„ = vsin— ^ 

r 


y 
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PROBLEM 15.142* 

Rod AB moves over a small wheel at C while end A moves to 
the right with a constant velocity \ A . Using the method of 
Section 15.9, derive expressions for the angular velocity and 
angular acceleration of the rod. 


SOLUTION 


But 


Then 


_ b _ x, 

tan 0 = — cot 9 = — = u 

x A b 

9 = coU 1 u 

e=-^- 

1 + u 

■■ _ (2 uu)u ii 

(1 + M 2 ) 2 1 + M 2 

co - 9 and a-9 




co- 


bv. 


72, 2 

b +x A 




a-- 


2bx A'’A 

(b'+xlf 
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PROBLEM 15.144 

Crank AB rotates with a constant clockwise angular 
velocity co. Using the method of Section 15.9, derive 
expressions for the angular velocity of rod BD and the 
velocity of the point on the rod coinciding with Point E 
in terms of 0, 0), b, and l. 
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PROBLEM 15.145 

Crank AB rotates with a constant clockwise angular 
velocity w. Using the method of Section 15.9, derive an 
expression for the angular acceleration of rod BD in 
terms of 6, co, b, and /. 
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PROBLEM 15.147* 

The position of rod AB is controlled by a disk of radius r which is attached to yoke CD. 
Knowing that the yoke moves vertically upward with a constant velocity Vo, derive 
expression for the angular velocity and angular acceleration of rod AB. 


SOLUTION 

From geometry, 


But, 


From geometry, 


But, 


r 

sin 6 

dy _ r cos 0 dO 
dt sin 2 # dt 


dy 

dt 


= ~V n 


, de 

and — = (O 
dt 


co- 


r cos Q 

- 

sin- 0 
v 0 sin 2 0 
r cos 9 


r 

sin 0 

dy rcos9d9 

dt sin 2 9 dt 


— = — v 0 and 
dt ° 


d9 

-= CO 

dt 


Vn = 


C0- 


r cos 9 
- 

sin" 9 
v 0 sin 2 9 
r cos 9 



co = 


v 0 sin 2 9 
r cos 9 




PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1207 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1208 




y 


X 



PROBLEM 15.148* 

A wheel of radius r rolls without slipping along the inside of a fixed cylinder of 
radius R with a constant angular velocity w. Denoting by P the point of the 
wheel in contact with the cylinder at t — 0, derive expressions for the horizontal 
and vertical components of the velocity of P at any time t. (The curve described 
by Point P is a hypocycloid.) 


SOLUTION 

Define angles 6 and (p as shown. 

0-co, 0-cot 

Since the wheel rolls without slipping, the arc OC is equal to arc PC. 
r(cp+ 0) - Rep 
r0 


R-r 

r0 rco 


R-r R-r 
rcot 


<P = 

<P = 

<P = 

R-r 

x P =(R— r)sin (p—r sin 0 

(Vp) x =X p 

-(R-r) cos (pep - r cos 00 



% 


(R-r) 


cos- 


r(Ot 

R-r 


rco 

R-r 


■ r( cos COt)(CO) 


(v p ), = rco 


rcot i . 

cos-cos cot 

R-r 


y P — R - (R - r) cos (p—r cos 0 
(Vp) y = y P 

-(R-r )sin (pep + rsin 00 


= (R- r)\ sin 


rcot 

R-r 


rco 

y R^7- 


+ r(sin cot)(co) 


(v P )y = rco 


rcot , . 

sin-hsin<y/ ^ 

R-r 
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PROBLEM 15.149* 

In Problem 15.148, show that the path of P is a vertical straight line when r = R/2. 
Derive expressions for the corresponding velocity and acceleration of P at any 
time t. 


SOLUTION 

Define angles 6 and cp as shown. 

9 = a>, 9 = cot, 9 = 0 

Since the wheel rolls without slipping, the arc OC is equal to arc PC. 

r(cp + 9) = R9 
= 2 r9 
cp= 0 
cp = 9 = co 
cp = 9 = 0 

x P =(R — r)sin cp—r sin 9 
= rsin 9— rsin 9 
= 0 

y P = R — (R - r) cos cp— rcos 9 
= R - r cos 9 — r cos 9 
= R( 1-cos 9) 
v = y p = R sin 99 

a = v 

= (R cos 99 2 - sin 99) 

= Rco 2 cos 9 



The path is the y axis. M 


v = (Rco sin cot)j A 


a = (Rco 2 cos cot )j A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1210 





PROBLEM 15.CQ8 

A person walks radially inward on a platform that is rotating counterclockwise about its center. Knowing that 
the platform has a constant angular velocity oa and the person walks with a constant speed u relative to the 
platform, what is the direction of the acceleration of the person at the instant shown? 

(a) Negative x 

( b ) Negative y 

(c) Negative x and positive y 

(d) Positive x and positive v 

(e) Negative x and negative v 



SOLUTION 

2 

The co~r term will be in the negative x-direction and the Coriolis acceleration will be in the negative 
y-direction. 

Answer: ( e) ^ 
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PROBLEM 15.150 

Pin P is attached to the collar shown; the motion of the pin is guided 
by a slot cut in rod BD and by the collar that slides on rod AE. 
Knowing that at the instant considered the rods rotate clockwise with 
constant angular velocities, determine for the given data the velocity 
of pin P. 

CO' AE = 8 rad/s, co BD = 3 rad/s 


SOLUTION 


AB — 500 mm = 0.5 m, AP — 0.5 tan 30°, BP — 


0.5 


cos 30° 


co A£ = 8 rad/s ), ta BD — 3 rad/s J) 

Let P’ be the coinciding point on AE and u x be the outward velocity of the collar along the rod AE. 

\ P = X P ’ + x P/AE = \(AP)CO ae }] + [«!—] 

Let P" be the coinciding point on BD and u 2 be the outward speed along the slot in rod BD. 


y p = y p , + y p/BD = [(BP)co bd ^ 30°] + [u 2 ^ 60°] 


Equate the two expressions for v^ and resolve into components. 


0.5 


cos 30° 


(3)(cos 30°) + u 2 cos 60° 


or 


M| = 1.5 + 0.5m^ 
-(0.5tan30°)(8) = 


f 0.5 > 


cos 30° 


(3) sin 30° + u-, sin 60° 


1 


From (1), 


-[1.5 tan 30°-4tan 30°] =-1.66667 m/s 
" sin 60° 

n, = 1.5 + (0.5)(-l.66667) = 0.66667 m/s 

x P = [(0.5tan30°)(8) {] + [0.66667 —] = [2.3094 m/s )] + [0.66667 m/s 

v P = -V2.3094 2 +0.66667 2 = 2.4037 m/s 
2.3094 


tan// = 


0.66667 


J3 -13.9° 


( 1 ) 


vn =2.40 m/s ^ 73.9° ◄ 
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PROBLEM 15.151 

Pin P is attached to the collar shown; the motion of the pin is guided 
by a slot cut in rod BD and by the collar that slides on rod AE. 
Knowing that at the instant considered the rods rotate clockwise with 
constant angular velocities, determine for the given data the velocity 
of pin P. 

0 ) AE = 7 rad/s, 0 ) BD = 4.8 rad/s 


SOLUTION 


AB — 500 mm = 0.5 m, AP — 0.5 tan 30°, BP-- 


0.5 


cos 30° 


co A£ = 7 rad/s \ u> BD = 4.8 rad/s ) 


Let P' be the coinciding point on AE and m, be the outward velocity of the collar along the rod AE. 

\ P = \ P ' + \ P/AE — [( AP)(O ae |] + [mj *-] 

Let P" be the coinciding point on BD and u 2 be the outward speed along the slot in rod BD. 


■■ V!>■ + VpiBD = [(BP)co BD ^i30°] + [u 2 ^ 60°] 


Equate the two expressions for v p and resolve into components. 


f 0.5 > 


H, = 


or 


-|: —(0.5 tan 30°)(7) = — 

1 


cos 30°^ 

=2.4 + 0.5m 2 
f 0.5 A 


(4.8)(cos 30°) + u 2 cos 60° 


(4.8) sin 30° + u 2 sin 60° 


v cos 30 °j 

[2.4tan 30°-3.5 tan 30°] = -0.73333 m/s 


From (1), 


z sin 60° 

M[ = 2.4 + (0.5)(—0.73333) = 2.0333 m/s 

\ P =[(0.5tan30°)(7) {] +[2.0333 —-] = [2.0207 m/s {] + [2.0333 m/s 

v P = ij(2.0333) 2 + (2.0207) 2 = 2.87 m/s 
2.0207 


tan P = - 


2.0333' 


(3 = -44.8° 


( 1 ) 


v„ = 2.87 m/s^44.8° ◄ 
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PROBLEM 15.152 

Two rotating rods are connected by slider block P. The rod 
attached at A rotates with a constant angular velocity co A . For 
the given data, determine for the position shown (a) the angular 
velocity of the rod attached at B, ( b ) the relative velocity of 
slider block P with respect to the rod on which it slides. 

b = 8 in., 0) A — 6 rad/s. 
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PROBLEM 15.153 

Two rotating rods are connected by slider block P. The rod 
attached at A rotates with a constant angular velocity co A . For 
the given data, determine for the position shown (a) the 
angular velocity of the rod attached at B , (b) the relative 
velocity of slider block P with respect to the rod on which it 
slides. 

b — 300 mm, co A = 10 rad/s. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1215 







PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1216 







PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1217 





PROBLEM 15.155 

Bar AB rotates clockwise with a constant angular velocity of 
8 rad/s and rod EF rotates clockwise with a constant angular 
velocity of 6 rad/s. Determine at the instant shown (a) the 
angular velocity of bar BD, (b) the relative velocity of collar D 
with respect to rod EF. 


SOLUTION 

Bar AB. (Rotation about A) 03 'ab ~ 8 rat ^ s J 

\ B = (12)(8) = 96 in./s —*• 

Rod EF. (Rotation about E ) 03 ^ ~ ^ rad/s. J 

\jy = (12)(6) = 72 in./s -*— 

Bar BD. Assume angular velocity is 0) BD j. 

Plane motion = Translation with B + Rotation about B. 

y D~ y B + V DIB ~ [96 *■ ] + [2Aw bd | ] + \\2co bd *■ ] 

Collar D. Sliding on rotating rod EF with relative velocity u \. 

v D ~ v d' + ^dief = [72 ■* ] + [n \ ] 

Matching the expressions (1) and (2) for v z» 

Components —96 + 12 co BD = -72 co BD — -14 

{a) 

Components*: 24 co BD -u u - (24)1-14) = -336 in./s 

(b) 


( 1 ) 

( 2 ) 

0 ) bd = 14.00 rad/s J A 

v dief =28.0ft/s, ◄ 
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PROBLEM 15.156 

Bar AB rotates clockwise with a constant angular velocity of 
4 rad/s. Knowing that the magnitude of the velocity of collar D is 
20 ft/s and that the angular velocity of bar BD is counterclockwise 
at the instant shown, determine (a) the angular velocity of bar EF, 
(b) the relative velocity of collar D with respect to rod EF. 


SOLUTION 


BarAB. (Rotation about A) w 4 rad/s J 

\ B = (1 ft)(4 rad/s) = 4 ft/s —*- 

Bar BD. Angular velocity is (0 bd 'j. 

Plane motion = Translation with B 4- Rotation about B. 

V D ~ V fl + V DIB = *■ ] + | ] + [1 ^BD *■ ] 

Magnitude of v D : v D = 20 ft/s 


v 2 d = (4 + ao BD ) 2 + (2 co BD ) 2 = (20) 2 
5oj bd + 8 co BD - 384 = 0 

CO' BD = —^— Positive root co BD = 8 rad/s 'j 

= [4 —► ] + [(2)(8) | ] + [(1)(8) —► ] = [12 —► ] + [161 ] 

Rod EF. (Rotation about E) Angular velocity = co EF 'j 

v D' = 10 )^Eh *- 1 

Collar D. Slides on rotating rod EF with relative velocity u \. 

V D ~ Y D' + V D/EF ~ [1 ®EF ^ ] + [ M 1 

Matching the expressions (1) and (2) for \ D , 

( a) Component —►: 12 = 1 co EF to 

( b) Component : 16 — u 


EF = 12.00 

y D/EF ~ 


( 1 ) 


( 2 ) 

rad/s 
16 ft/s|4 
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< 


PROBLEM 15.157 



The motion of pin P is guided by slots cut in rods AD and BE. Knowing 

150 mm f; 

Ip 

that bar AD has a constant angular velocity of 4 rad/s clockwise and bar 


BE has an angular velocity of 5 rad/s counterclockwise and is slowing 
down at a rate of 2 rad/s 2 , determine the velocity of P for the position 
shown. 

100 mm 

-300 mm — 

J 


SOLUTION 

2 

Units: meters, m/s, m/s 


Unit vectors: 

i = 1 j = ll. 

k=i; 

Geometry: Slope angle 9 of rod BE. 

_ 0.15 

tan# =-= 0.5 

0.3 

0 = 26.565° 


r PIA = O.li + 0.15j 

r p/B =-0.3i + 0.15j 

Angular velocities: 

(j) AD = -(4 rad/s)k 

or be - 15 rad/s )k 

Angular accelerations: 

a AD ~ 0 a BE ~ 

-(2 rad/s 2 )k 


Velocity of Point P' on rod AD coinciding with the pin: 

\ P ' = (o AD x r P/A = (-4k)x(0.1i + 0.15j) = 0.6i-0.4j 

Velocity of the pin relative to rod AD: 

y PIAD = U 1 ~ U li 

Velocity of P: \ P = \ P - + \ P/AD = 0.6i - 0.4j + m, j 

Velocity of Point P" on rod BE coinciding with the pin: 

\p- = (o BE xr PIB = 5kx (—0.3i + 0.15j) = -0.75i-1.5j 

Velocity of the pin relative to rod BE: 

Vp/BE ~ u i ^ & = ~ u i cos 0\ + u 2 sin #j 

Velocity of P: \ p = \ p . + v P/BE 

= — 0.75i —1.5 j — u 2 cos#i + u 2 sin^j 
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PROBLEM 15.157 (Continued) 

Equating the two expressions for \ P and resolving into components, 

i: 

0.6 = -0.75 - u i cos 0 


1 35 

u 2 = = 1.50965 

cos 26.565° 

j: 

-0.4 + i/j = —1.5 + u 2 sin# 


U[ = -l.l + (- 1.50935) sin 26.535° = -1.77500 

Velocity of P: 

\ P = 0.6i - 0.4 j -1.775 j = 0.6i - 2.175 j 


\ P - 2.26 m/s 74.6° A 
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PROBLEM 15.158 

Four pins slide in four separate slots cut in a circular plate as shown. 
When the plate is at rest, each pin has a velocity directed as shown and of 
the same constant magnitude u. If each pin maintains the same velocity 
relative to the plate when the plate rotates about O with a constant 
counterclockwise angular velocity co, determine the acceleration of 
each pin. 


SOLUTION 


For each pin: a P = a /( - + a P/F + a c 

Acceleration of the coinciding Point P' of the plate. 

For each pin a P - = rOT towards the center O. 

Acceleration of the pin relative to the plate. 

For pins !\ , P 2 and P 4 , a P/F = 0 

For pm P 3 , a PIF = — <- 


Coriolis acceleration a c . 

For each pin a c = 2cou with a 
Then a, 

a 2 


a 4 


c in a direction obtained by rotating u through 90° in the sense of co, i.e.,' :. 

= [rar ->] + [2a>u I] a, = rari - 2couj A 

= [rar I] + [2 cou —>] a 2 = 2ccnd - rar j A 


<— 


= [r(0~ <-] 

= [rar T] + [2<ywt] 


+ [2 cou ^—] 


f ^ 

rar h -h 2c)u 

v r j 

a 4 = ( rar + 2cou)\ A 
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PROBLEM 15.159 

Solve Problem 15.158, assuming that the plate rotates about O with a 
constant clockwise angular velocity co. 

PROBLEM 15.158 Four pins slide in four separate slots cut in a 
circular plate as shown. When the plate is at rest, each pin has a 
velocity directed as shown and of the same constant magnitude u. If 
each pin maintains the same velocity relative to the plate when the plate 
rotates about O with a constant counterclockwise angular velocity co, 
determine the acceleration of each pin. 


SOLUTION 

For each pin: 


: a P - + a P/F + a c 


Acceleration of the coinciding Point P' of the plate. 

For each pin a P ' = rco 2 towards the center 0. 

Acceleration of the pin relative to the plate. 

For pins P x , P 2 and P 4 , a P/F = 0 

p . p 

For pm P 3 , a pip = — <— 

r 

Coriolis acceleration a c . 

For each pin a c = 2cou with a c in a direction obtained by rotating u through 90° in the sense of co. 

Then aj = [rco 2 —»] + [2con T] a, = rco 2 i + 2couj 4 

a 2 = [rco 2 1] + [2 con <-] a 2 = -2coui - rco 2 j 4 

2 1 ( 


■■ [rco <H + 


■<— 


+ [2 con — 


a 4 = [r<y 2 T] + [2<y«l] 


2 cou - rco- - — 
r 


a 4 = (rco 2 - 2cou)j -4 
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150 mm - 


PROBLEM 15.160 

Pin P slides in the circular slot cut in the plate shown at a 
constant relative speed u = 500 mm/s. Assuming that at the 
instant shown the angular velocity of the plate is 6 rad/s and 
is increasing at the rate of 20 rad/s 2 , determine the 
acceleration of pin P when 9 = 90°. 


SOLUTION 

9 = 90° Units: meters, m/s, m/s 2 

Unit vectors: i = 1—j = l|, k =1 'j 

r p/A = (0.15i + 0.1j) r PIC = 0. lj 

Motion of Point P' on the plate coinciding with P. 

to — (6 rad/s)k a = (20 rad/s 2 )k 
\ P ' = to x r p/A = 6kx(-0.15i + 0.1j) = -0.6i-0.9j 

a p’ = a x r P/A — co r B/A 

= 20k x (-0.15i + 0. lj) - (6) 2 (-0.151 + 0. lj) 

= -2i - 3j + 5.41 - 3.6j = 3.41 - 6.6j 

Motion of P relative to the plate AC. 

u — 500 mm/s = 0.5 m/s u-0 
Vpiac = - Mi = - 0.51 

u . (0.5) 2 . 

a P/AC ~ Ul D J~ ® ni 2.5j 

K U. 1 

Coriolis acceleration: 2o)X\ p/AC - (2)(6k)x(-0.5i) = -6j 

Acceleration ofP. 

a P = a P' + a P/AC + 2(0 x \ P/AC 

= 3.41 - 6.6j - 2.5j - 6j 

= (3.4 m/s 2 )i-(15.1 m/s)j a P = 15.47 m/s 2 T 7 77.3° A 
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PROBLEM 15.161 

The cage of a mine elevator moves downward at a constant speed of 40 ft/s. Determine the magnitude and 
direction of the Coriolis acceleration of the cage if the elevator is located (a) at the equator, ( b ) at latitude 
40° north, (c) at latitude 40° south. 


SOLUTION 

Earth makes one revolution (2k radians) in 23.933 h (86,160 s). 

2k 


Q 


:.i 


86,160' 

= (72.926 xlO" 6 rad/s)j 

Velocity relative to the Earth at latitude angle (p. 


’ P/earth 


= 40(-cos (pi - sin (pi) 


Coriolis acceleration a 


c- 


a c - 2Q x v P/earth 


: (2)(72.926 x 10 6 j) x [40(-cos (pi - sin ^j)] 


= (5.8341x10 3 cos^?)k 



(a) 

ii 

o 

O 

cos (p — 1.000 

a c =5.83xl0~ 3 ft/s 2 west 

◄ 

(b) 

II 

■t. 

o 

o 

cos ^ = 0.76604 

a c = 4.47 xl0~ 3 ft/s 2 west 

◄ 

(c) 

II 

1 

O 

o 

cos (p- 0.76604 

a c =4.47xl0~ 3 ft/s 2 west 

◄ 
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PROBLEM 15.162 

A rocket sled is tested on a straight track that is built along a meridian. Knowing that the track is located at 
latitude 40° north, determine the Coriolis acceleration of the sled when it is moving north at a speed of 900 km/h. 


SOLUTION 


Earth makes one revolution (2 n radians) in 23.933 h = 86,160 s. 


86,160 

= (72.926xl0~ 6 rad/s)j 

Speed of sled. u = 900 km/h 

= 250 m/s 

Velocity of sled relative to the Earth. 

Vp/e arth = 250(-sin (pi+ cos (pi) 


* 



Coriolis acceleration. a c = 2Q x v /v .. arth 

a c = (2)(72.926xl0 _6 j)x[250(-sin^i + cos^j)] 

= 0.036463 single 

At latitude cp = 40°, 

a c = 0.036463 sin 40°k 

= (0.0234 m/s 2 )k a c = 0.0234 m/s 2 west A 
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PROBLEM 15.163 

V 


The motion of blade D is controlled by the robot arm ABC. At the instant 


B S \ 

240 

shown, the arm is rotating clockwise at the constant rate CO - 1.8 rad/s and 


the length of portion BC of the arm is being decreased at the constant rate 


y ■ 

- 320 mm - 

of 250 mm/s. Determine (a) the velocity of D, (b) the acceleration of D. 


SOLUTION 

Unit vectors: i = 1 —j = 1k = 

Units: meters, m/s, m/s 2 

r oia = (0.32 m)i - (0.24 m)j 

Motion of Point D' of extended frame AB. 

a> = -(1.8 rad/s)k a = 0 
\ , y =(oxr D/A =(-1.8k)x(0.32i-0.24j) 

= -0.432i - 0.576j 

a D ' = a X r DIA ~ ® ( r DM ) 

= 0 - (1,8) 2 (0.32i - 0.24j) 

= -1.0368i + 0.7776j 

Motion of Point D relative to frame AB. 

\ D /ab ~ 250 mm/s 25° 

= -(0.25 cos 25°)i + (0.25 sin 25°) j 
= -0.22658i + 0.10565j 

a DIAB = 0 

Coriolis acceleration 2(ox\ D/AB = (2)(-1.8k)x(-0.22658i + 0.10565j) 

= 0.38034i + 0.81569j 

(a) Velocity of Point D. 

y D ~ y D' + y DIAB 

= -0.432i - 0.576j - 0.22658i + 0.10565j 
= —0.65858i - 0.47035j 

\ D = (0.659 m/s)i - (0.470 m/s)j = 0.809 m/s 35.5° A 
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PROBLEM 15.163 (Continued) 

(b) Acceleration of Point D. 

a D = a D' + a DIAB + 2(0 X \ D/AB 

= -1.0368i + 0.7776j + 0+ 0.38034i + 0.81569j 
= -0.6565i + 1.5933j 

a D =-(0.657 m/s 2 )i +(1.593m/s 2 )j =1.723m/s 2 ^67.6° ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1228 




*L 


6 m 




® \ 

./ 0 = 30° 

O -J- -L 


a— c - m , . 

QQ £ 


PROBLEM 15.164 

At the instant shown the length of the boom AB is being decreased at 
the constant rate of 0.2 m/s and the boom is being lowered at the 
constant rate of 0.08 rad/s. Determine (a) the velocity of Point B. 
( b) the acceleration of Point B. 


SOLUTION 


Velocity of coinciding Point B' on boom. 

\ B - = rco = (6)(0.08) = 0.48 m/s ^ 60° 
Velocity of Point B relative to the boom. 


’ B !boom 


= 0.2 m/s ^ 30° 


(a) Velocity of Point B. 

Y B ~ V B' + V B/boom 

+ , : (v B ) x =0.48cos60°-0.2cos30° = 0.06680 m/s 
+1 : ( v b)j =-0.48sin60°-0.2sin30° = -0.51569 m/s 

v B = Vo.06680 2 + 0.51569 2 
= 0.520 m/s 

tan^= 0 51569 . B = 82.6° v fi = 0.520 m/s ^82.6° ◄ 

0.06680 

Acceleration of coinciding Point B' on boom. 

a B , = rco 2 = (6)(0.08) 2 = 0.0384 m/s 2 30° 

Acceleration ofB relative to the boom. 

^B/boom — ® 


Coriolis acceleration. 

Icon = (2)(0.08)(0.2) = 0.032 m/s 2 ^ 60° 
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PROBLEM 15.164 (Continued) 

(b) Acceleration of Point B. 

a B ~ a B + a B/boom + ^OJU 

+ , : 

(a B ) x =-' 0.0384cos30° + 0-0.032cos60° = -0.04926 m/s 2 

+ t : 

(a B ) y = -0.0384sm30 o + 0 + 0.032sin60° = 0.008513 m/s 2 


a B = ^(0.04926) 2 + (0.008513) 2 


= 0.0500 m/s 2 


tan/?=°' 0 ° 8513 , // = 9.8° a B =50.0 mm/s 2 \9.8° ◄ 

0.04926 B 
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PROBLEM 15.165 

At the instant shown the length of the boom AB is being increased at 
the constant rate of 0.2 m/s and the boom is being lowered at the 
constant rate of 0.08 rad/s. Determine (a) the velocity of Point B. 
(b) the acceleration of Point B. 


SOLUTION 


Velocity of coinciding Point B' on boom. 


y# = rco — (6)(0.08) = 0.48 m/s 60° 

Velocity of Point B relative to the boom. 


Vfl/boom = 0- 2 m/s ^ 30° 

(a) Velocity of Point B. 

Y B ~ Y B' + V B/boom 

+ . 

: (v B ) x = 0.48 cos 60° + 0.2 cos 30° = 0.4132 m/s 

4 

: (v B ) y = -0.48 sin 60° + 0.2 sin 30° = -0.3157 m/s 


v b = V(0-4132) 2 + (0.3157) 2 


= 0.520 m/s 


0 3157 

tan B- R= 37.4° v„ = 0.520 m/s^37.4° ◄ 

0.4132 H 

Acceleration of coinciding Point B' on boom. 


a B . = rco 2 = (6)(0.08) 2 = 0.0384 m/s 2 ^30° 

Acceleration ofB relative to the boom. 


a B/boom _ 0 

Coriolis acceleration. 

2 con = (2)(0.08)(2) = 0.032 m/s 2 ^60° 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1231 







PROBLEM 15.165 (Continued) 

(b) Acceleration of Point B. 

& B ~ a B' + a B/boom + ^- a>u 

+ . : 

(a B ) x =- 0.0384cos 30°+ 0.032 cos 60° = -0.017255 m/s 2 

+ t ■ 

(a B ) y = -0.0384 sin 30° - 0.032 sin 60° - -0.04691 m/s 2 


a B = >y (0.017255) 2 +(0.04691) 2 


= 0.0500 m/s 2 


tan iff = °- 04691 R - 69.8° a fi = 50.0 mm/s 2 ^69.8° ◄ 

0.017255 B 
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PROBLEM 15.166 

The sleeve BC is welded to an arm that rotates about A with a 
constant angular velocity co. In the position shown rod DF is 
being moved to the left at a constant speed u — 400 mm/s relative 
to the sleeve. For the given angular velocity co, determine the 
acceleration (a) of Point D, (b) of the point of rod DF that 
coincides with Point E. 

co -(3 rad/s)i. 


SOLUTION 


(a) Point D . \ DIF = v D/BC = (0.4 m/s)k; a DIF = 0 

AD = —(0.12 m)j + (0.3 m)k 
a /y = cox (cox AD) 

= -co 2 (AD) 

= -(3 rad/s) 2 AD 
= +(1.08 m/s 2 )j-(2.70 m/s 2 )k 
a ( . = 2(ox\ d/f 

= 2[(3 rad/s)i] x (0.40 m/s)k 
= -(2.4 m/s 2 )j 

a D = a D' + a DIF + a c 

= [+(1.08 m/s 2 )j - (2.70 m/s 2 )k] + 0 + [-(2.4 m/s)j] 


( b ) Point P of DF that coincides with E . 


a D =-(1.32 m/s)j- (2.70 m/s)k 4 


y p/F = y p/Bc = (°- 40 m/s)k; a P/F = 0 
AE = -(0.120 m)j 

a P - = cox (cox AD) = -co 2 AE = -(3 rad/s) 2 AE = (1.08 m/s 2 )j 
a c = 2cox \ P/F 

= 2[(3 rad/s)i] x (0.40 m/s)k 
= -(2.40 m/s 2 )j 

ip 

= [(1.08 m/s 2 ) j] + 0 + [-(2.4 m/s 2 )j] 


a P = -(1.32 m/s 2 )j 4 
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PROBLEM 15.167 

The sleeve BC is welded to an arm that rotates about A with a 
constant angular velocity (O. In the position shown rod DF is 
being moved to the left at a constant speed u = 400 mm/s relative 
to the sleeve. For the given angular velocity co, determine the 
acceleration (a) of Point D, (b) of the point of rod DF that 
coincides with Point E. 

CO-( 3 rad/s)j. 


SOLUTION 

(a) Point D . v D/F = v d/bc = (0.4 m/s)k; a DIF = 0 

AD = -(0.12 m)j + (0.3 m)k 
a /r = cox (<yx AD) 

= 3jx(3jx(-0.12j + 0.3)k) 

= -(2.70 m/s 2 )k 
a ( . = 2cox \ D/F 

= 2[(3 rad/s)j]x(0.40 m/s)k 
= (2.4 m/s 2 )i 

a D = a D' + a DIF + a c 

= [-(2.70 m/s 2 )k] + 0 + [(2.4 m/s)i] 


(b) Point P of DF that coincides with E . 

v p/ F = v p! F Q — (0.40 m/s)k; a F / F = 0 
~AE = -(0.120 m)j 
a P ' = cox (cox AE) 

= 3j x (3j x (-0.12j) = 0 
a c = 2(o x \ P/F 

= 2[(3 rad/s )j] x (0.40 m/s)k 
= (2.40 m/s 2 )i 

“i - 3p ip 

= 0 + 0+ (2.4 m/s 2 )i 


a D - (2.4 m/s)i- (2.70 m/s)k A 


a P - (2.4 m/s 2 )i A 
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PROBLEM 15.168 


1 



3 


A chain is looped around two gears of radius 40 mm that can 
rotate freely with respect to the 320-mm arm AB. The chain 
moves about arm AB in a clockwise direction at the constant 
rate of 80 mm/s relative to the arm. Knowing that in the 
position shown arm AB rotates clockwise about A at the 
constant rate co— 0.75 rad/s, determine the acceleration of 
each of the chain links indicated. 


Links 1 and 2. 


SOLUTION 

Let the arm AB be a rotating frame of reference. O = 0.75 rad/s J = -(0.75 rad/s)k: 

Link 1: r, = -(40 mm)i, v 1/AB =u T = (80 mm/s)j 

a ; = -O 2 ^ = —(0.75) 2 (—40) = (22.5 mm/s)i 

2 oa2 

a iMA = — = -160 mm/s —» = (160 mm/s 2 )i 

p 40 

20 x v PIAB = (2)(-0.75k) x (80j) 

= (120 mm/s)i 
a i = a i + &1/AB + 20 X \y AB 

= (302.5 mm/s 2 )i =303 mm/s 2 —*- -4 

Link 2: r 2 = (160 mm)i + (40 mm)j 

v 2 i ab = u —> = (80 mm/s)i 
a 2 = -0 2 r 2 

= —(0.75) 2 (160i + 40j) 

= -(90 mm/s 2 )i - (22.5 mm/s 2 )j 

a 2 IAB ~ H 

20 x \ 2 /ab = (2)(—0.75k) x (80i) 

= -(120 mm/s 2 )j 

a = a 2 + % 2 /ab + 20 x v 2/AB 

= -90i - 22.5 j - 120j 
= -(90 mm/s 2 )i - (142.5 mm/s 2 )j 

a 2 =V(90) 2 + (142.5) 2 
= 168.5 mm/s 2 

tan B = 6-51.1° a 2 = 168.5 mm/s 2 T^57.7° ◄ 

90 
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PROBLEM 15.169 



3 


A chain is looped around two gears of radius 40 mm that can 
rotate freely with respect to the 320-mm arm AB. The chain 
moves about arm AB in a clockwise direction at the constant 
rate 80 mm/s relative to the arm. Knowing that in the position 
shown arm AB rotates clockwise about A at the constant rate 
CO = 0.75 rad/s, determine the acceleration of each of the chain 
links indicated. 


Links 3 and 4. 


SOLUTION 

Let arm AB be a rotating frame of reference. Q = 0.75 rad/s J = -(0.75 rad/s)k 

Link 3: r 3 = (360 mm)i v 3MB = u -l = -(80 mm/s)j 

a y = -0 2 r 3 =-(0.75) 2 (360) =-(202.5 mm/s 2 )i 

a 3/4 „ = — = = 160 mm/s 2 i = -(160 mm/s 2 )i 

3,AB p 40 

20xv 3MB =(2)(-0.75k)x(-80j) = -(120 mm/s 2 )i 

a 3 = a 3' + a 3/AB + 20 X V 3/AB 

= -(482.5 mm/s 2 )i a 3 = 483 mm/s 2 •*— 4 

Link 4: r 4 = (160 mm)i - (40 mm)j 

v 4/ab = u <r- = -(80 mm/s 2 )i 
a 4 < = -0 2 r 4 

= —(0.75) 2 (160i - 40j) 

= -(90 mm/s 2 )i+ (22.5 mm/s 2 )j 

a 4 IAB = 0 

20xv 4/AB =(2)(-0.75k)x(-80i) 

= (120 mm/s 2 )j 

a 4 = a 4' + a 4/AB + 20 X \ mB 

= -(90 mm/s 2 )i +(142.5 mm/s 2 )j 

a 4 = V( 9 °) 2 +(1 4 2.5) 2 

= 168.5 mm/s 2 

tan/? = ^^, B - 57.7° a 4 = 168.5 mm/s 2 2x57.7° ◄ 

90 4 
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PROBLEM 15.170 

A basketball player shoots a free throw in such a way that 
his shoulder can be considered a pin joint at the moment of 
release as shown. Knowing that at the instant shown the 
upper arm SE has a constant angular velocity of 2 rad/s 
counterclockwise and the forearm EW has a constant 
clockwise angular velocity of 4 rad/s with respect to SE, 
determine the velocity and acceleration of the wrist W. 


SOLUTION 

2 

Units: meters, m/s, m/s 

Unit vectors: i = 1—►, j = l|, k = l ) 

Relative positions: 

r E/s = (0.35 cos 30°)i + (0.35 sin 30°) j = 0.3031 li + 0.175 j 
r w/E = -(0.3cos80°)i + (0.3 sin 80°)j = -0.05209i + 0.29544j 
*wis = r E/s +r w/E =0.25101i +0.47044j 
Use a frame of reference rotating with the upper arm SE with angular velocity 

Q = (2 rad/s )k (Q = 0) 

The motion of the wrist W relative to this frame is a rotation about the elbow E with angular velocity 

to = -(4 rad/s)k (w = 0) 

Motion of Point W in the frame coinciding with W. 

y W ' = ftxr w/s =(2k)x (0.251011 + 0.47044j) 

= -0.94088i + 0.50204j 
a w > = -0 2 r vra = —(2) 2 (0.25 lOli + 0.47044j) 

= -1.00408i — 1.88176j 

Motion of W relative to the frame. 

y w/SE = W x v w/e = M k ) x (-0.05210i + 0.29544j) 

= 1.18176i +0.2084j 

a WISE = -orr w/E = -(4) 2 (-0.05210i + 0.29544J) 

= 0.8336i - 4.72708j 

Velocity of W: v w = + \ W/SE = 0.24088i + 0.71044j 

\ w =0.750 m/s ^£71.3° ◄ 
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PROBLEM 15.170 (Continued) 

Coriolis acceleration: 

2 Q x \ W/SE = (2)(2k) x (1.181761 + 0.2084j) 

= -0.8336i + 4.72704j 

Acceleration of W: 

a w = a w' + a WISE + X y WISE 

= —1.004081 — 1.88176j 


a w = 2.13 m/s 2 ^61.9° ◄ 
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PROBLEM 15.171 

The human leg can be crudely approximated as two rigid bars (the 
femur and the tibia) connected with a pin joint. At the instant shown 
the veolcity and acceleration of the ankle is zero. During a jump, the 
velocity of the ankle A is zero, the tibia AK has an angular velocity 
of 1.5 rad/s counterclockwise and an angular acceleration of 1 rad/s 2 
counterclockwise. Determine the relative angular velocity and 
angular acceleration of the femur KH with respect to AK so that the 
velocity and acceleration of H are both straight up at the instant 
shown. 


SOLUTION 


2 

Units: inches, in./s, in./s 

Unit vectors: i = 1 —►, j = 1}, k = 1 ) 


Relative positions: r K/A = (12 in.)i + (12 in.)j 

v h/k = —(14 in.)i + (14 in.)j 

V H/A = r K!A + r H!K = “( 2 in -)i + (26 in.) j 

Use a frame of reference moving with the lower leg AK with angular velocity 

Q = 1.5 rad/s ' ■ = (1.5 rad/s)k 

and angular acceleration Q = 1.0 rad/s )- (1.0 rad/s 2 )k 

The motion of the hip H relative to this frame is a rotation about the knee K with angular velocity 

0 ) = OJk 


and angular acceleration a = ak 

Both co and a are measured relative to the lower leg AK. 

Motion of Point H' in the frame coinciding with II. 

y H , =£lxr H/A =1.5kx(-2i + 26j) 

= -(39 in./s)i - (3 in./s) j 
a /-/' = x U /.4 - -2 r H/A 

= (1,0k)x (-2i + 26j) - (1,5) 2 (-2i + 26j) 
= -26i - 2j + 4.5i - 58.5j 
= -(21.5 in./s 2 )i- (60.5 in./s 2 )j 
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PROBLEM 15.171 (Continued) 

Motion of H relative to the frame. 

y H/AK ~ * y HIK = X(-14i + 14j) 

= -14<yi-14<yj 

a HIAK ~ X X H/K ~ m r HIK 

= ak x (—14i + 14j) - or (—14i + 14j) 

= -Mai - 14crj + 14<y 2 i - 14<y 2 j 

Velocity of H. v H =v H | = y h j 

y H ~ y H' + y H/AK 

v H j = —39i - 3j - 14mi - 14<yj 

Resolve into components. 

i: 0 = -39-14&> 

j: v H =-3-14 co 

Relative angular velocity: 

Coriolis acceleration: 2£lx\ H/AK = (2)(1.5k)x (-14<yi-14ryj) 

= 42ryi - 42<yj = -(117 in./s 2 )i + (117 in./s 2 )j 

Acceleration of H. n H = a H - a H j 

a H = a H' +a H/AK 2£2 x y h/ak 

a H j = —21.51 - 60.5j - 14cd - 14orj + 14<y 2 i - 14ry 2 j -117i +117 j 

Resolve into components. 

i: 0 = -21.5 - Ma + (14)(-2.7857) 2 -117 

a = -2.1327 rad/s 2 

j: a H = -60.5 - (14)(-2.1327) - (14)(-2.7857) 2 +117 

= -22.284 in./s 2 

Relative angular acceleration: a = -(2.13 rad/s 2 )k = 2.13 rad/s 2 y A 


0) =-= -2.7857 rad/s 

14 

v H =-36 in./s 

co = -(2.79 rad/s)k = 2.79 rad/s J A 
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PROBLEM 15.172 

The collar P slides outward at a constant relative speed u along rod AB, 
which rotates counterclockwise with a constant angular velocity of 
20 rpm. Knowing that r — 250 mm when 0 - 0 and that the collar 
reaches B when 9 = 90°, determine the magnitude of the acceleration of 
the collar P just as it reaches B. 


SOLUTION 


Uniform rotational motion. 


Uniform motion along rod. 


(20)(2;r) 2n ,, 

<y = 20 rpm =-= — rad/s 

60 3 

a -0 

0 = 90° = — radians 
2 


0 = 9 0 + cot 

0. 75s 

2 n 


CO 


r — r 0 + ut 


r-r 0 0.5-0.25 1 , 

- - = — m/s, 


0.75 


' PI AB 


4 m/s| 


Acceleration of coinciding Point P 'on the rod. (r = 0.5 m) 

..2 

\2 


ror 


= (0.5) 


2 nr 


2 n 




m/s 2 J 


= 2.1932 m/s 2 1 

Acceleration of collar P relative to the rod. *^p/ab ~ 0 


Coriolis acceleration. 
Acceleration of collar P. 


2cox \ PIAB = 2 con = (2) 


: a P > + a P/AB 


f 2^ 


{ 3 J 

v3. 


= 1.3963 m/s 2 


+ 2coxv 


P/AB 


a p =[2.1932 m/s 2 l] + [1.3963 
a P = 2.60 m/s 2 ^ 57.5° 


m/s 2 


= 2.60m/s’ A 
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PROBLEM 15.173 


Pin P slides in a circular slot cut in the plate shown at a constant relative speed 
u = 90 mm/s. Knowing that at the instant shown the plate rotates clockwise 
about A at the constant rate (0- 3 rad/s, determine the acceleration of the pin if 
it is located at (a) Point A, ( b ) Point B, ( c ) Point C. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



1242 





(c) Point C. 

PROBLEM 15.173 (Continued) 

r c = 0.2 m T 


Coriolis acceleration. 

\ C / F = 0.09 m/s -4 

a c / = -arr c = -(9)(0.2 T) = 1.8 m/s 2 1 

2 

a c/F = — = 0.081 m/s 2 1 

2 con = 0.54 m/s 2 i 



a c — a^ a qif [2®m 

= 2.421 m/s 2 1 

a c = 2.42 m/s 2 1 A 
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PROBLEM 15.174 

Pin P slides in a circular slot cut in the plate shown at a constant relative speed 
u = 90 mm/s. Knowing that at the instant shown the angular velocity 0 ) of the 
plate is 3 rad/s clockwise and is decreasing at the rate of 5 rad/s 2 , determine the 
acceleration of the pin if it is located at (a) Point A, (b) Point 5, (c) Point C. 
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0 . 


D 


PROBLEM 15.175 



200 min' 


Pin P is attached to the wheel shown and slides in a slot 
cut in bar BD. The wheel rolls to the right without 
slipping with a constant angular velocity of 20 rad/s. 
Knowing that x = 480 mm when 0 = 0, determine 
(a) the angular acceleration of the bar and (b) the relative 
acceleration of pin P with respect to the bar when 0 = 0. 
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PROBLEM 15.176 

Knowing that at the instant shown the rod attached at A has an angular 
velocity of 5 rad/s counterclockwise and an angular acceleration of 
2 rad/s 2 clockwise, determine the angular velocity and the angular 
acceleration of the rod attached at B. 


SOLUTION 


Geometry: Apply the law of 

sines to the triangle ABP to determine the lengths AP and BP. 

Angle PBA = 180°- 70° = 110° Angle APB = 180° - 25° -110° = 45° 

~AB = 200 mm = 0.2 m °' 2 = Ap = BP 

sin 45° sin 110° sin 25° 

AP = 0.265785 m BP = 0.119534 

Unit vectors: 

Relative position vectors: 

i = l—, j = lt k = 0 

r p/A = 0.265785(sin 25°i + cos25°j) = 0.112331 - 0.24088j 
r PIB = 0.119534(sin 70°i + cos 70° j) = 0.11233i + 0.0408 8j 

Angular velocities: 

(O ap = 5 rad/s j= (5 rad/s)k 

10 BP ~ 

Angular accelerations: 

a AP = 2 rad/s 2 J) = - (2 rad/s 2 )k 

O-bp — oi BP k 

Velocity of P: 

\ P =(n AP xr P/A =5kx(0.11233i + 0.24088j) 

= -(1.2044 m/s)i + (0.56165 m/s)j 

Acceleration of P: 

2 

3 p — a AP X r PM — a> AP r PIA 

= (-2k) x (0.11233i + 0.24088j) - (5) 2 (0.11233i + 0.24088j) 

= -(2.3265 m/s 2 )i - (6.2467 m/s 2 )j 

Consider the slider P as a particle sliding along the rotating rod BP with a relative velocity 

v rel = u A. 20° = m(cos 20°i + sin 20°j) 
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PROBLEM 15.176 (Continued) 


and a relative acceleration 

a rel = u 20° = m( cos 20°i + sin 20° j) 

Consider the rod BP as a rotating frame of reference. 

Motion of Point P' on the rod currently at P. 

\ P ’ = (o BP xr p/B = <y B pkx(0.11233i + 0.04088j) 

= -0.04088<yg P i + 0.11233^ 

__ 2 

a P' = a BP Xr P/B — (t) BP r PIB 

= a BP k x (0.11233i + 0.04088j) - m BP (0.11233i + 0.04088j) 

= -0.04088« B pi + 0.11233« BP j - 0.11233(^1 - 0.04088(%,j 
Velocity of P: v p = v P - + v rel 

Resolve into components. 

i: -1.2044 = -0.04088<yg F +ncos20° 

j: 0.56165 = 0.11233rpgp +m sin 20° 

Solving the simultaneous equations for co BP and u, 

(0 BP - 7.8612 rad/s u - -0.93971 m/s 

Angular velocity of BP: oi HI , - 7.86 rad/s 4 


Relative velocity: v rel = -0.9397l(cos 20°i + sin 20°j) 

Coriolis acceleration: 

2(0 BP X v rel = (2)(7.8612k)x (-0.93971 cos 20°i - 0.93971 sin 20°j) 

= (5.0532 m/s 2 )i - (13.8835 m/s 2 )j 

Acceleration of P: a F - = a P > + a rel + 2(o BP x v rel 

Resolve into components. 

i: -2.3265 = -0.04088ct B p -0.11233(ypp + u cos 20° + 5.0532 

-0.04088«pp + u cos 20° = -0.43788 (1) 

j: -6.2467 = 0.11233a B p - 0.04088(y 2 p + u sin 20° -13.8835 

0.11233«pp +h sin 20° = 10.1631 (2) 

Solving Eqs. (1) and (2) simultaneously, 

a BP = 81.146 rad/s 2 u - 3.0641 m/s 2 

Angular acceleration of BP: a ,, P =81.1 rad/s 2 A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1249 




a? 

¥ 

ii 

CC 


PROBLEM 15.177 


Disk S 
>1 

\ 




rix 


The Geneva mechanism shown is used to provide an intermittent 


Px 

X \R d = 1.25 in. 

rotary motion of disk S. Disk D rotates with a constant 


AX 1 

Ax 

(1) 

counterclockwise angular velocity co D of 8 rad/s. A pin P is 


! 

/ c i \\” 


attached to disk D and can slide in one of the six equally 


O' 

/ i h 
\ 

Y 1 

B 1 

spaced slots cut in disk S. It is desirable that the angular 


\ xp 

\ // 


J 

velocity of disk S be zero as the pin enters and leaves each of 




the six slots; this will occur if the distance between the centers 

\. 


Disk D 

of the disks and the radii of the disks are related as shown. 

X. 

■— Z = 2R d —* 

when <j> = 120° 

Determine the angular velocity and angular acceleration of disk 

S at the instant when <p - 150°. 


SOLUTION 

Geometry: 

Law of cosines . r 2 = 1.25 2 + 2.50 2 - (2)(1.25)(2.50) cos30° 

r = 1.54914 in. p 

Law of sines 

P = 23.194° ' 2-5W *■ 

Let disk S be a rotating frame of reference. 

^ = m s J)> ) 

Motion of coinciding Point P' on the disk. 

v P ’ = rco s = 1.549140*5 f\ P 

a P - = -a s kxr PIO -colr P/0 =[1.54914or s [\ /?] + [1.549140$ ^ yj] 

Motion relative to the frame. 

Vp/s ~ u P a p/s ~ 11 P 

Coriolis acceleration. 2co s u N/» 

v P = V + v P/s = [1.549146$ \\ P] + [u p] 
a P — a p a P /s 2 6$ n 

= [1.54914or s [\ p] + [1.549146$ P] + [u ^ p] + \2co s u \J fi\ 

Motion of disk D. (Rotation about B) 

\ P = (BP)co d = (1.25)(8) = 10 in./s ^ 30° 

a P =[(BP)oc d 60 °] + [(BP)co 2 ^ 30°] = 0 + [(1.25)(8) 2 30°] 

= 80 in./s 2 ^30° 
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PROBLEM 15.177 (Continued) 


Equate the two expressions for v p and resolve into components. 


| \jB: 1.54914<y s = 10cos(30° + J3) 


10cos53.794° 

COc =- 

1.54914 

= 3.8130 rad/s 

co s = 3.81 rad/s J -4 

~^P'. u — 10sin(30° + P) = 10sin53.794° = 8.0690 in./s 


Equate the two expressions for & P and resolve into components. 


1.54914a s -2co s ii = 80sin (30° + /?) 


_ 80sin53.794°+ (2)(3.8130X8.0690) 

CC o — 

1.54914 

= 81.4 rad/s 2 

a s - 81.4 rad/s 2 ) A 
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PROBLEM 15.178 



In Problem 15.177, determine the angular velocity and 
angular acceleration of disk S at the instant when (/) - 135°. 

PROBLEM 15.177 The Geneva mechanism shown is used 
to provide an intermittent rotary motion of disk S. Disk D 
rotates with a constant counterclockwise angular velocity 
C0 D of 8 rad/s. A pin P is attached to disk D and can slide in 
one of the six equally spaced slots cut in disk S. It is 
desirable that the angular velocity of disk S be zero as the pin 
enters and leaves each of the six slots; this will occur if the 
distance between the centers of the disks and the radii of the 
disks are related as shown. Determine the angular velocity 
and angular acceleration of disk S at the instant when 
(p = 150°. 


SOLUTION 


Geometry. 


Law of cosines. 

r 2 = 1.25 2 +2.50 2 — (2)(1.25)(2.50) cos 45° 
r = 1.84203 in. 9 

Law of sines. 

sin p _ sin 45° 

1.25 r o 8 

P - 28.675° ZSOi*. 

Let disk S be a rotating frame of reference. 


Q, = co s f £l = a s ^) 

Motion of coinciding Point P' on the disk. 


\ P ' = rco s = 1.84203<y s f\ P 

a P ’ =-a s kxr P/0 -cc^r PIO =[1.84203^ |\ /?] + [1.84203#^ P] 

Motion relative to the frame. 

v i>is ~ 11 T 37 P a p/s ~ u T 7 P 

Coriolis acceleration. 

2co s u N P 


\ P = v + v P/s = [1.84203<y 5 f\ P] + [u /?] 

a P — a P ~t~ a P is “t - 2 co^n ^\J 


= [1 .84203cr s f\ y?] + [1.84203^ p? 7 P] + [u fy P] + [2co s u N /?] 
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PROBLEM 15.178 (Continued) 

Motion of disk D. (Rotation about B) 

\ P = ( BP)co d = (1.25)(8) = 10 in./s ^ 30° 

a P =[(BP)a D x^ 45°] + [(BP)0)s x^ 45°] = 0 + [(1.25)(8) 2 x^ 45°] 

= 80 in./s 2 x^ 45° 

Equate the two expressions for \ p and resolve into components, 
f \jB: 1.84203<y s = 10cos(45° + J3) 

10cos73.675° 

COc =- 

1.84203 

= 1.52595 rad/s co s = 1.526 rad/s A 

P : u = 10sin(45° + /3) = lOsin73.675° = 9.5968 in./s 

Equate the two expressions for a P and resolve into components. 

f\ / 3: 1.84203« s -2 co s u = 80sin (45° + /?) 

_ 80sin73.675°+ (2)(1.52595X9.5968) 

Us ~ 1.84203 

= 57.6 rad/s 2 a s = 57.6 rad/s 2 J A 
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SOLUTION 


Relative position vectors. 

t bid = ( 4 in -)i + (3 in.)j 
t b/c = “(6 in-)i + (3 in.)j 

Velocity analysis. 

®bc = 3 rad/s ^ 

Bar BC (Rotation about O'. 

0) BC = (3 rad/s)k 
\ B = co bc x t bic = 3k x (-6i + 3j) 

= -(9 in./s)i - (18 in./s)j 

Plate (Rotation about D): 

(Op — (Opk. 

Let Point B' be the point in the plate coinciding with B. 

= C0p * r bid ~ x (4i + 3j) 

= -3(0 P i + AcOpi 

Let plate be a rotating frame. 

y BIF ~ V reJ 

V B=' r B'+' r BIF 

= -3a>pi + ( Ao)p + v rel )j 

Equate like components of \ B . 

i: -9 = -3 (0 P tOp = (3 rad/s)k 

j : -18 = (4)(3) + v rel v rel = -(30 in./s)j 

Acceleration analysis. 

a BC — 2 rad/s 2 j 

Bar BC\ 

a BC = (2 rad/s 2 )k 

a /i — a /ic x r B/c ~ ®BC r B/C 

= 2k x (— 6i + 3j) - (3) 2 (— 6i + 3j) 

= -12j - 6i + 54i - 27 j = (48 in./s 2 )i - (39 in./s 2 )j 

Plate: 

a P = a P k 

a B' = c x p x t B/D — (Op r B/D 

= « P k x (4i + 3j) - (3) 2 (4i + 3j) 

= -3a P i + Aa P j - 36i - 27j 
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PROBLEM 15.179 (Continued) 

Relative to the frame (plate), the acceleration of pin B is 


, v . . , , . 30 2 . 

P 4 


= -(225 in./s 2 )i + (a rel ), j 

Coriolis acceleration. 

2(0 P x \ P/F 


a e = 2(3k)x(-30j) = (180 in./s 2 )i 

Then 

a B ~ a B' + a B/F + a c 

a B = -(3 a P + 36)i + {Aa P - 27)j - 225i + (a rel ), j +180i 
a B = -(3a P + 81)i + [4a P + (a rel ) f - 27]j 

Equate like components of a B . 

i: 48 = ~(3a P +81) a P - -43 rad/s 2 a P = 43.0 rad/s 2 J 4 
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c 



6 in. 


PROBLEM 15.180 

At the instant shown bar BC has an angular velocity of 3 rad/s and 
an angular acceleration of 2 rad/s 2 , both clockwise. Determine the 
angular acceleration of the plate. 


SOLUTION 


Relative position vectors. 

r B /D=( 4 in.)i + (3 in.)j 
r Bic =-( 6 in-)i + (3 in.)j 

Velocity analysis. 

(0 BC = 3 rad/s J 

Bar BC (Rotation about C): 

(0 BC = _ (3 rad/s)k 

V B = ® BC X r B/C 

= (-3k)x(-6i + 3j) 

= (9 in./s)i + (18 in./s)j 

Plate (Rotation about D): 

(Op — <w P k 

Let Point B' be the point in the plate coinciding with B: 

V - Wp X r B/D 

= co p \l x (4i + 3 j) 

= -3co P i + 4o P j 

Let the plate be a rotating frame. 

y BIF ~ V rel j 

= V + y B/F 

= -3oj p i + (4 (0 P + v rel ) j 

Equate like components of \ B . 

i: 9--3(0 P (0 P - -(3 rad/s)k 

j : 18 = (4)(3) + v rel v rel = (30 in./s)j 

Acceleration analysis. 

a BC = 2 rad/s 2 J 

Bar BC\ 

a BC = -(2 rad/s 2 )k 

a B ~ a BC X r B/C — ^B^BIC 

= (-2k) x (— 6i + 3j) - (3) 2 (— 6i + 3j) 

= 12j + 6i + 54i - 27 j 
= (60 in./s 2 )i — (15 in./s 2 )j 
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B 

PROBLEM 15.181* 


59 1 -n ■ 

Rod AB passes through a collar which is welded to link DE. 
Knowing that at the instant shown block A moves to the right at a 
constant speed of 75 in./s, determine (a) the angular velocity of 
rod AB. (, b) the velocity relative to the collar of the point of the 
rod in contact with the collar, (c) the acceleration of the point of 
the rod in contact with the collar. (Hint: Rod AB and link DE 

w&i— 






have the same co and the same a.) 


SOLUTION 


Let co -co ) and a = a be the angular velocity and angular acceleration of the link DE and collar rigid 
body. Let F be a frame of reference moving with this body. The rod AB slides in the collar relative to the 
frame of reference with relative velocity u = u 30° and relative acceleration u = u 30°. Note that this 
relative motion is a translation that applies to all points along the rod. Let Point A be moving with the end of 
the rod and A' be moving with the frame. Point £ is a fixed point. 


Geometry . 


r A'IE ~ 


6 in. 
sin 30° 


= 12 in. -— 


Velocity analysis . v A = 75 in./s —*- 

▼a' =12®| 

v /t = V + u Resolve into components. 


: 75 = 0 + ncos30° u = ——— = 86.603 in./s 

cos 30° 


+t: 0 = -12<y+wsin30° a= “ sm3 °° = 3.6085 rad/s 

12 


(a) 

Angular velocity. 

CO = 3.61 rad/s A 

(b) 

Velocity of rod AB relative to the collar. 

u = 86.6 in./s ^30° ◄ 

(c) 

Acceleration analysis. a 1 = 0 



a A > = [12aj] + [12<y 2 —►] = [12ar{]+ [156.25—►] 


Coriolis acceleration . 

a t = 2<yM^60° = 625.01 in./s 2 60° 
a A — a A > + li + a Resolve into components. 
+ .: 0 = 156.25 + hcos30°-625.01cos60° 

u = 180.43 in./s 2 

+|: 0 = -12ct + usin30 o + 625.01sin60° 

a = 52.624 rad/s 2 
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PROBLEM 15.181* (Continued) 

For rod AB, co AB = 3.6085 rad/s 'j 

a AB = 52.624 rad/s 2 

Let P be the point on AB coinciding with collar D. 

r m = 12 cos 30° ^30° = 10.392 in. ^30°. 

3 P ~ a A + ( 3 Pm)/ + ( 3 PmXi 

= 0 + [(10.392X52.624) ^ 60°] + [(10.392)(3.6085) 2 P* 30°] 

= [546.87 ^ 60°] + [135.32 P 57 30°] = [390.63 — ] + [405.94 J ] 

a P = 563 in./s 2 46.1° ◄ 

a p may also be determined from a p = a,,- + li + a c using the rotating frame. The already calculated 
vectors li and a also apply at Points P' and P. 

a P ’ = a D =6a^30° + 6r<;^60 o 

= [315.74 in./s 2 P 57 30°] + [78.13 in./s 2 T 57 60°] 

Then a P = [315.74 T 77 30°] + [78.13 ^ 60°] + (180.43 30°] + [625.0160°] 

= (135.31 ^O 0 ]+ [546.88^60°] 
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PROBLEM 15.182* 


B 



Solve Problem 15.181, assuming that block A moves to the left at 
a constant speed of 75 in./s. 

PROBLEM 15.181 Rod AB passes through a collar which is 
welded to link DE. Knowing that at the instant shown block A 
moves to the right at a constant speed of 75 in./s, determine (a) the 
angular velocity of rod AB , (b) the velocity relative to the collar of 
the point of the rod in contact with the collar, (c) the acceleration 
of the point of the rod in contact with the collar. (Hint: Rod AB 
and link DE have the same to and the same a.) 


SOLUTION 

Let co = (O ^ and a -a be the angular velocity and angular acceleration of the link DE and collar rigid 
body. Let F be a frame of reference moving with this body. The rod AB slides in the collar relative to the 
frame of reference with relative velocity u — u ^ 30° and relative acceleration li = ii ^ 30°. Note that this 
relative motion is a translation that applies to all points along the rod. Let Point A be moving with the end of 
the rod and A' be moving with the frame. Point £ is a fixed point. 


Geometry - 
Velocity analysis . 


r A'IE ~ ' 


6 in. 
sin 30° 


= 12 in. 


+ 


v A = 75 in./s -*— 

V' = I2<y| 

\ A = y a , + u Resolve into components. 

75 


— 75 = 0 + u cos 30° u = - 


+ 




0 = -12<y+nsin30° co- 


cos30 

u sin 30 


= -86.603 in./s 

= -3.6085 rad/s 


12 


(a) Angular velocity . 

(b) Velocity of rod AB relative to the collar . 
Acceleration analysis . 


C0= 3.61 rad/s ^ A 
u = 86.6 in./s T- 57 30° A 


Coriolis acceleration. 


+ 


H : 


a A =0 

a A ' = [12ct |] + [12<y 2 —*-] = [12a j ] + [156.25 —*- ] 

a t , = 2cou^ 60° = 625.01 in./s 2 ^ 60° 
a A = a A ' + u + a Resolve into components. 

0 = 156.25 + u cos 30° - 625.01cos 60° 
u = 180.43 in./s 2 

0 = —\2oc + u sin 30° + 625.01 sin 60° 
a = 52.624 rad/s 2 
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PROBLEM 15.182* (Continued) 

For rod AB, (o AB = 3.6085 rad/s 'j 

a AB = 52.624 rad/s 2 ^ 

Let P be the point on AB coinciding with collar D. 

r m = 12 cos 30° ^30° = 10.392 in. ^30°. 

a P ~ a A + ( a FM X + ( a FM )n 

= 0 +[(10.392X52.624) ^k 60 o ] + [(10.392)(3.6085) 2 7^30°] 

= [546.87 ^ 60°] + [135.32 30°] = [390.63 — ] + [405.94 J ] 

a P = 563 in./s 2 46.1° ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1261 





PROBLEM 15.183* 

In Problem 15.157, determine the acceleration of pin P. 

PROBLEM 15.157 The motion of pin P is guided by slots cut in 
rods AD and BE. Knowing that bar AD has a constant angular 
velocity of 4 rad/s clockwise and bar BE has an angular velocity of 
5 rad/s counterclockwise and is slowing down at a rate of 2 rad/s 2 , 
determine the velocity of P for the position shown. 


SOLUTION 


2 

Units: meters, m/s, m/s 

Unit vectors: i = l—j = l , k=l 

From the solution of Problem 15.157, 


6 = 26.565° 

R = 0.100 m 

r PIA = O.li + 0.15j 

t p/b =-0.3i + 0.15j 

( o AD = -(4 rad/s)k 

a> BE = (5 rad/s 2 )k 

a AD = 0 

a BE =-(2 rad/s 2 )k 

^p/ad = W| 1 = —(■ - 77 5 m/s)j 


y p/be = cos 0\ + u 2 sin Bj 



= (-1.50935)(-cos 26.565°i + sin 26.565°)j 
= (1.35 m/s)i + (0.675 m/s)j 


Acceleration of Point P' on rod AD coinciding with the pin: 

a P' = a AD X r P/A ~ 0} AD r PIA 

= 0 - (4) 2 (0. li + 0.15 j) = -1.6i - 2.4j 


Acceleration of the pin relative to rod AD: 


a 


P/AD 


«lJ ‘ 


R 


: »iJ - 


(1.775) 2 . 
0.15 1 


= iij j — 21,004i 


Coriolis acceleration: 


a l — 2a AD x v P/AD 
aj =2(-4k)x(-1.775j) = —14.2i 


Acceleration of P: 


a P - a P - + a P/AD + a l 
a P = -36.804i - 2.4 j + «, j 
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PROBLEM 15.183* (Continued) 


Acceleration of Point P" on rod BE coinciding with the pin 

a P’ = a BE Xr P/B ~ a> BE r P/E 

= (-2k) x (—0.3i + 0.15 j) - (5) 2 (—0.31 + 0.15 j) 
= 0.6j + 0.31 + 7.51 - 3.75 j = 7.81 - 3.15 j 

Acceleration of the pin relative to the rod BE: 

a p/BE = w 2 (-cos6 , i + sin<9j) 

Coriolis acceleration: a 2 = 2c o BE x \ P/BE 

= (2)(5k)x (1,35i - 0.675j) = -13.5 j + 6.75i 


Acceleration of P: a 

a P — 7.8i — 3.15j + u 2 (-cos Oi + sin 0']) +13.5 j + 6.75i 
= 14.55i +10.35 j - it 2 cos Oi + h 2 sin O'] 

Equating the two expressions for a P and resolving into components, 

i: -36.804 = 14.55 - u 2 cos 0 

. 36.804 + 14.55 , 2 

u 1 = -= 57.415 m/s" 


j: 


Acceleration of the pin. 


cos 26.565° 

-2.4+ Mj = 10.35 + u 2 sin# 

zq =12.75+ 57.415 sin 26.565° 

a p = -36.804i - 2.4 j + 38.427j 
= -36.804i + 36.027j 


: 38.426 m/s 2 


a P - (36.8 m/s 2 )i + (36.0 m/s 2 )j = 51.5 m/s 2 ]!x44.4 0 -4 
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- 0.3 m. 



PROBLEM 15.184 

At the instant considered, the radar antenna shown rotates about 
the origin of coordinates with an angular velocity oo= co T i + 0 ), ] + 
COM. Knowing that (v A ) = 300 mm/s, (v B ) = 180mm/s, and 
(v B ), =360 mm/s, determine (a) the angular velocity of the 
antenna, ( b ) the velocity of Point A. 


SOLUTION 




r A = (0.3 m)i - (0.25 m)k 




v a = (v A ) x i + (0.3m/s)j + (v A ) z k 





i 

j k 


v A =coxr A : (v A y + 0.3j + (v A ) z k = 


(Oy C0 7 



0.3 

0 -0.25 


(v A ) t i + 0.3j + (v A ) z k = -0.25 co y i + (0.3 co z + 0.25ty x )j - 

0.3o> y k 

i: (v A ) x = -0.25 (o y 



(1) 

j: 0.3 = 0.3ffl.+0.25ty T 



(2) 

k: (v a ) ; =-0.3 (o y 



(3) 

r B = (0.3 m)i - (0.25 m)j 




v B = (v fi ) r i + (0.18 m/s)j + (0.36 m/s)k 




i j 

k 


v B =coxr B : (v B ) x i + 0.18j + 0.36k = 

CO, (Oy 

(O z 




0.3 -0.25 

0 


(v B )J + 0. 1 8j + 0.36k = 0.25&U + 0.3tv. j - (0.25a? r + 0.3<y v )k 


i: (v B ) x =0.3(0, 



(4) 

j: 0.18 = 0.3ty z 



(5) 

k : 0.36 = -0.25 co x - 0.3 co y 



(6) 

From Eq. (5), (O- — 0.6 rad/s 
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PROBLEM 15.184 (Continued) 

From Eq. (2), 

co= 1 (0.3 0.3<yJ 
' 0.25 

= 0.48 rad/s 

From Eq. (6), 

co= ——(0.36 + 0.25<y r ) 
y 0.3 

= -E6 rad/s 

(a) 

Angular velocity. 

CO = (0.480 rad/s)i - (1.600 rad/s)j + (0.600 rad/s)k ◄ 


From Eq. (1), 

OA =-0-2 5a y 

- 0.400 m/s 


From Eq. (3), 

(v A )„ =-0.3 (O y 

= 0.480 m/s 

(b) 

Velocity of Point A. 

v A = (0.400 m/s)i + (0.300 m/s)j + (0.480 m/s)k 


or 

v A = (400 mm/s)i + (300 mm/s)j + (480 mm/s)k A 
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PROBLEM 15.185 


v '0.3m_ k 


At the instant considered the radar antenna shown rotates about 




the origin of coordinates with an angular velocity co = ® v i + ® v j + 




®_k. Knowing that (v A ) x =100 mm/s, (v A ) y = -90 mm/s, and 


1 / m 

x / / 

1 

(v B ) ; = 120 mm/s, determine (a) the angular velocity of the 




— antenna, (b) the velocity of Point A. 

o 

Iff — 7 / 


/0.25 m 

/ 

/ M,' 

/ 

7 

X 

0.25 m 

4 


B 



SOLUTION 


r A = (0.3 m)i - 0.25 m)k 

v A = (0.1 m/s)i - (0.09 m/s)j + (v A ) z k 


v A =coxr A : O.li - 0.09j +(v A ).k 


i 

j 

k 


°>y 

<°z 

0.3 

0 

-0.25 


O.li - 0.09 j + (v A ),k = -0.25co y i + (0.3 co z + 0.25® x )j - 0.3® y k 


0.1 = -0.25®,, 


j: -0.09-0.3®, +0.25®. 

j z x 

k: (v a ) z =-0.3 co y 


r B = (0.3 m)i - (0.25 m)j 

v b = ( v b)x* + ( v b) v j + (0-12 m/s)k 


v B =oxr B : (v B ) x i + (v B ) v j + 0.12k 


i 

j 

k 


COy 

<°z 

0.3 

-0.25 

0 


(v B ) t i + (v B )J + 0.12k = 0.25®.i + 0.3®, j - (0.25 ®, + 0.3)®,, k 
i: (y B ) x = 0.25®, 

j: ( v b) v = 0.3®, 

k: 0.12 = -0.25® v -0.3®, 

From Eq. (1), ® v = —= -0.4 rad/s 

y 0.25 


( 1 ) 

( 2 ) 

(3) 


(4) 

(5) 

( 6 ) 
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PROBLEM 15.185 (Continued) 

From Eq. (6), 

m = 1 (0.12 +0.3m,) 

A 0.25 


= 0 

From Eq. (2), 

co_= 1 (0.09 +0.25m) 
z 0.25 


= -0.36 rad/s 

From Eq. (3), 

(v A ), =-(0.3)(-0.4) 


= 0.12 m/s 

(a) Angular velocity. 

to = —(0.400 rad/s)j — (0.360 rad/s)k ◄ 

(b) Velocity of Point A. 

v, = (0.1 m/s)i - (0.09 m/s)j + (0.12 m/s)k 

or 

v, = (100 mm/s)i - (90 mm/s)j + (120 mm/s)k ◄ 
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PROBLEM 15.186 
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PROBLEM 15.187 

The bowling ball shown rolls without slipping on the horizontal xz plane with an 
angular velocity co = co x \ + co y j + m.k. Knowing that V A = (14.4 ft/s)i - (14.4 ft/s)j + 
(10.8ft/s)k and \ D — (28.8 iVsji + (21.6ft/s)k, determine (a) the angular velocity 
of the bowling ball, ( b ) the velocity of its center C. 


SOLUTION 

Radius of ball: 4.3 in. = 0.35833 ft 

At the given instant, the origin is not moving. 


coxr A : 14.4i - 14.4j + 10.8k 


CO, 


J 


(O- 


y “z 

0.35833 0.35833 0 


14.4i - 14.4j + 10.8k = -0.35833m.i + 0.35833m.j + 0.35833(m v - m v )k 


(a) Angular velocity. 

( b ) Velocity of Point C. 


-0.35833m. = 14.4 


CO- = -40.186 rad/s 


0.35833m. = -14.4 oo z = -40.186 rad/s 

0.35833(m v - co y ) = 10.8 co x - co y = 30.140 rad/s 


\ D = ft) x r D : 28.8i + 21.6k = 


co 


J 

CO¬ 


CO- 


y “z 

0 0.71667 0 


28.8i + 21.6k = -0.71667ty ; i + 0.71667^k 


i: -0.71667m. = 28.8 
k: 0.71667m =21.6 


CO- = -40.186 rad/s 
m, = 30.140 rad/s 


m„ - co - 30.140 = 0 


G) = (30.1 rad/s)i - (40.2 rad/s)k -4 


cox r c = (30.140i - 40.186k) x 0.35833j 
= 14.4i + 10.8k 

v c = (14.4 ft/s)i + (10.8 ft/s)k ◄ 
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PROBLEM 15.188 


O), 



X 


The rotor of an electric motor rotates at the constant rate CO x =1800 rpm. 
Determine the angular acceleration of the rotor as the motor is rotated 
about the y axis with a constant angular velocity C0 9 of 6 rpm 
counterclockwise when viewed from the positive y axis. 


SOLUTION 


co j = 1800 rpm 
= 60/r rad/s 
0) 2 = 6 rpm 
= 0.2 n rad/s 

Total angular velocity . co = (0 2 j + cqk 

CO = (0.2;r rad/s )j + (60k rad/s)k 


Angular acceleration . 

Frame Oxyz is rotating with angular velocity Q = cy, j. 


a = d> 

= «W+OXCD 

= 0 + <y,jx(<y 2 j + cqk) 

= (OnJO^i 

a = (0.2;r)(60;r)i 
= (12^- 2 rad/s 2 )i 


a = (118.4 rad/s 2 )i ◄ 
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PROBLEM 15.189 

The disk of a portable sander rotates at the constant rate 
C0 X = 4400 rpm as shown. Determine the angular acceleration 
of the disk as a worker rotates the sander about the z axis with 
an angular velocity of 0.5 rad/s and an angular acceleration of 
2.5 rad/s 2 , both clockwise when viewed from the positive 
z axis. 


SOLUTION 


Spin rate: 

co x = 4400 rpm = 460.77 rad/s 

Angular velocity of disk relative to the housing: 


( 0 ! =(460.77 rad/s) j 

Angular motion of the housing: 

d) 2 = -(0.5 rad/s )k d) 2 = -(2.5 rad/s 2 )k 

Consider a frame of reference rotating with angular velocity 


Q = <y 2 k = -(0.5 rad/s)k 

Angular velocity of the disk: 

00 = «! +co 2 


= (460.77 rad/s)j - (0.5 rad/s)k 

Angular acceleration of the disk: 

01 = 0 )! + cb 2 +Qx(co, +oo 2 ) 


= 0 - 2.5k + (-0.5k) x (460.77j - 0.5k) 

= (230.38 rad/s 2 )i - (2.5 rad/s 2 )k 


a = (230 rad/s 2 )i - (2.5 rad/s 2 )k ◄ 
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PROBLEM 15.190 



Knowing that the turbine rotor shown rotates at a constant 
rate (t\ = 9000 rpm, determine the angular acceleration of 
the rotor if the turbine housing has a constant angular 
velocity of 2.4 rad/s clockwise as viewed from (a) the 
positive y axis, (b) the positive z axis. 


SOLUTION 

Spin rate: a\ = 9000 rpm = 942.48 rad/s 

Angular velocity of the rotor relative to the axle: 

Wl =-(942.48 rad/s)i 

(a) Axle rotates with angular velocity co 2 = -(2.4 rad/s)j 
Consider a frame of reference rotating with angular velocity 

£1 = 0)2 J 

Angular acceleration: 

a = wp + iboj + ftxld)! +co 2 ) 

- 0 + 0 + fix (Oj 
= (-2.4 j) x (—942.48i) 

(b) Axle rotates with angular velocity 0 ) 2 = -(2.4 rad/s)k. 

Q = -(2.4 rad/s)k 

a^fixii)! = (-2.4k)x(-942.48i) 


a = -(2260 rad/s 2 )k ◄ 


a = (2260 rad/s 2 )j ◄ 
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SOLUTION 

Disk A (In rotation about O): 

Since co y =co x , 

00 A = co x i + oo x j + co z k 

Point D is point of contact of wheel and disk. 

r n/o =~rj~Rk 

y D ~ Xr DIO 

i j k 

= co x <y, ox 

0 -r -R 

v D — (-Rco 1 + rco z )i + R( 0 { j - rrn t k 

Since C0 2 = 0, V D = 0. 


Each component of \ D is zero. 


(v n )z= rO) x =0; 0J X = 0 
(' v D ) x =~R(O l +r(O z =0; 



(a) Angular velocity . 


( b ) Angular acceleration . Disk A rotates about y axis at rate CO x . 


a. 


d(0 A 

dt 


mxa) A = <y 1 jX 


• R , 

(WjjH-(39,k 


0) A =tyj 




v ' j 


co l k ◄ 



r 
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PROBLEM 15.192 

In the system shown, disk A is free to rotate about the horizontal rod OA. 
Assuming that shaft OC and disk B rotate with constant angular velocities 
CO x and C0 2 , respectively, both counterclockwise, determine (a) the 
angular velocity of disk A, ( b ) the angular acceleration of disk A. 


SOLUTION 

Disk A (in rotation about O): 

Since co y -co x , C0 A = (O x i + 0 ){\ + a > : k 

Point D is point of contact of wheel and disk. 


l DIO 


-rj - Rk 


y D ~ 01 A X r DIO 


i J k 

C0 X 0\ 00, 

0 -r -R 


Disk B: 

From Eqs. 1 and 2: 
Coefficients of k: 

Coefficients of i: 

(a) Angular velocity . 


v„ = {-Rco x + rco, )i + Rooj - rco x k 

= J 

\ D =C 0 B X r DI0 = co 2 j x (-rj - Rk ) = -Ra> 2 i 

v„ = v„: (-Rco x - rco, )i + Roo x \ - rco x k = -Rco 2 i 

-rco x =0; co x - 0 

(■-Rco x + rco 7 ) = -RcQ 2 \ co z = — {co x -co 2 ) 

r 


(i) 


( 2 ) 


R 


(b) Angular acceleration . Disk A rotates about y axis at rate 60 t . 


a a 


dm A 

dt 


: co v x {o A = x 


a\] +—(co x -co 2 )k 

r 


C0 A =CQ X ] + — (co x -co 2 )k ◄ 
r 


a A ^—co x (co x -co 2 )i ◄ 

r 
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PROBLEM 15.193 


The L-shaped arm BCD rotates about the z axis with a constant 
angular velocity of 5 rad/s. Knowing that the 150-mm-radius 
disk rotates about BC with a constant angular velocity Oh of 
4 rad/s, determine (a) the velocity of Point A, ( b ) the acceleration 
of Point A. 
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PROBLEM 15.194 

The cab of the backhoe shown rotates with the constant 
angular velocity (Oj = (0.4rad/s)j about the y axis. The arm 
OA is fixed with respect tot he cab, while the arm AB 
rotates about the horizontal axle A at the constant rate 
(0 2 = d/3/dt = 0.6 rad/s. Knowing that 0 = 30°, determine 
(a) the angular velocity and angular acceleration of AB, 
(. b ) the velocity and acceleration of Point B. 


SOLUTION 



t) 

r 4 

= 20i + 8 j (ft) 


1 


t bia = ?! —12.12j (ft) 

t b = 271 — 4.12j (ft) 



^ a-x w 



•A 

o 

Oxyz is fixed; O xyz rotates with ii = 0.40j 


Angular velocity of AB 

With respect to rotating frame: 

to, =+ (0.60rad/s)k 


With respect to fixed frame: 

(0 = ( 0 j + co 2 = (0.40 rad/s)j + (0.60 rad/s)k A 

Angular acceleration of AB 





a = (®W = (®W + ax «> 




a = 0 + (0.40j) x (0.40j + 0.60k) 

a = (0.24 rad/s 2 )i A 

Motion of B relative to rotating frame 0 xyz . 

Since A does not move relative to O xyz , 




( y B/F ) _ (*B ) Oxyz ~ (*A ^Oxyz + ^BIA )Oxyz - 0 + CO X Y B/A 




= (0.60k) x(7i-12.12j) 




\ B/F = (7.27 ft/s)i +(4.2 ft/s)j 

( a B/F ) = (*A ^ Oxyz + (*BIA)Oxyz = 6 + w X ( M X r B/A ) 

(1) 



= (0.60k) x(7.27i-4.2j) 




a B/F = (2.52 ft/s 2 )i + (4.36 ft/s 2 ) j 

(2) 

Motion of B' of frame O xyz which coincides with B. 




\ B ' = ilxr B = (0.40j) x (27i - 4.12j) 

\ B ’ =-(10.8 ft/s)k 

(3) 



a B ’ - Qx(fixr g ) = fix = (0.4j)x(-10.8k) 
a B ' - -(4.32 ft/s 2 )i 

(4) 
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PROBLEM 15.194 (Continued) 


Velocity of B using Equations (1) and (3): 

v b ' ~ y B' +y B/F = -10.8k + 7.27i + 4.2j 

\ B = {1.21 ft/s)i + (4.2 ft/s)j - (10.8 ft/s)k ◄ 


Acceleration of B 


a B ~ a B' +a B/F +a c 

We first compute the Coriolis acceleration. a c - 

a c -2ilx \ BIF = 2(0.40j) x (7.27i + 4.2j) 

Recalling Equations (2) and (4), we now write 

a B = -4.32i - 2.52i + 4.36j - 5.82k 

a B = -(6.84 ft/s 2 )i + (4.36 ft/s 2 )j - (5.82 ft/s 2 )k ◄ 
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PROBLEM 15.195 

A 3-in.-radius disk spins at the constant rate C0 2 =4 rad/s 
about an axis held by a housing attached to a horizontal rod 
that rotates at the constant rate co l =5 rad/s. For the position 
shown, determine (a) the angular acceleration of the disk, 
(ib ) the acceleration of Point P on the rim of the disk if 0 — 0, 
(c) the acceleration of Point P on the rim of the disk 
if (9 = 90°. 


SOLUTION 


Angular velocity. co = cc\i + co-M. 


CO = (5 rad/s)i + (4 rad/s)k 


(a) Angular acceleration. 


Frame Oxyz is rotating with angular velocity fl = CO x i. 


a- co 


= <*W +Qx g> 


= 0 + cw,i x (o\\ + <y 2 k) 


= —CO ]Cp)j 


= — (4)(5)j 


= —20 j 

a = -(20.0 rad/s 2 )j ◄ 

(b) 0 - 0. Acceleration at Point P. 


r p = (3 in.)i 


= (0.25 ft)i 


v P = coxr p 


= (5i + 4k)x0.25i 


= (1 ft/s)j 


a P =axr p +coxv p 


= -20 j x 0.25i + (5i + 4k) x (1 ft/s) j 


= 5k + 5k - 4i 


= -4i + 10k 

a P - (4.00 ft/s 2 )i + (10.00 ft/s 2 )k ◄ 
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PROBLEM 15.196 


A 3-in.-radius disk spins at the constant rate (0 2 — 4 rad/s 
about an axis held by a housing attached to a horizontal rod 
that rotates at the constant rate (D x =5 rad/s. Knowing that 
0 = 30°, determine the acceleration of Point P on the rim of 
the disk. 


SOLUTION 


Angular velocity. CO = OJ t i + <y 2 k 

00 = (5 rad/s)i + (4 rad/s)k 


Angular acceleration. Frame Oxyz is rotating with angular velocity Q = 0\ i. 

a = ci) = a> ftvy , + tlx to 
= 0 + a\i x {( 0 \i + co 2 k) 

= -a\a) 2 i 
= -(4)(5)j = -20j 
a = -(20.0 rad/s 2 )j 


Geometry . 6 = 30°, r P = (3 in.)(cos30°i + sin 30°j) 

= (0.25 ft)(cos 30°i + sin 30°j) 

Velocity of Point P . \ P = 0 )xr P 

i j k 

= 5 0 4 

0.25 cos 30° 0.25 sin 30° 0 
= -(0.5 ft/s)i + (0.86603 ft/s)j + (0.625 ft/s)k 

Acceleration of Point P. a,, = «xr ( , + cox v,, 


i 

j 

k 


i 

j 

k 

0 

-20 

0 

+ 

5 

0 

4 

0.25 cos 30° 

0.25 sin 30° 

0 


-0.5 

0.86603 

0.625 


= 4.3301k - 3.464li - 5.125j + 4.3301k 


a p =-(3.46 ft/s 2 )i — (5.13 ft/s 2 )j + (8.66 ft/s 2 )k ◄ 
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PROBLEM 15.197 


c_> 


A 30 mm-radius wheel is mounted on an axle OB of length 
100 mm. The wheel rolls without sliding on the horizontal 
floor, and the axle is perpendicular to the plane of the wheel. 
Knowing that the system rotates about the y axis at a 
constant rate (O x = 2.4 rad/s, determine (a) the angular 
velocity of the wheel, ( b ) the angular acceleration of the 
wheel, (c) the acceleration of Point C located at the highest 
point on the rim of the wheel. 
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PROBLEM 15.197 (Continued) 

( b) Angular acceleration. 

a = CD 

= (o 0xyz +nx(n 

= (0+ 2.4j)x8i 

= -(19.2 rad/s 2 )k a = -(19.20 rad/s 2 )k ◄ 

(c) Conditions at Point C. 

r c --{l cos (i-b sin /?)i + 2 b cos //j 
= (-87.162 mm)i + (57.47 mm)j 
v c =wxr c 

= 8i x (—87.162i + 57.47j) 

= (459.76 mm/s)k 
a c = axr c + coxv c 

= -19.2k x (-87.1621 + 57.47j) + 8i x 459.76k 
= (1103.4 mm/s 2 )i-(2004.6 mm/s 2 )j 

a c = (1.103 m/s 2 )i-(2.005 m/s 2 )j ◄ 
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PROBLEM 15.198 

At the instant shown, the robotic arm ABC is being rotated 
simultaneously at the constant rate <^=0.15 rad/s about 
the y axis, and at the constant rate (0 2 = 0.25 rad/s about the 
z axis. Knowing that the length of arm ABC is 1 m, determine 
(a) the angular acceleration of the arm, (b) the velocity of 
Point C, (c) the acceleration of Point C. 


SOLUTION 

Angular velocity: co = (O x j + co 2 k 

= (0.15 rad/s )j + (0.25 rad/s)k 

Consider a frame of reference rotating with angular velocity 

Q = <y,j = (0.15 rad/s) j 


(a) Angular acceleration of the arm. 


a = Wj + w 2 + Q x (( 0 ; + 0 ) 2 ) 

= 0 + 0 + (0.15 j) x (0.15 j + 0.25k) 


a = (0.0375 rad/s 2 )i ◄ 


Arm ABC rotates about the fixed Point A. 

r c/A = (1 m)(cos35°i + sin35°)j 
= (0.81915 m)i + (0.57358 m)j 


(b) Velocity of Point C. 


(c) Acceleration ofC : 


v c =mxr CM 


v 


i j k 

= 0 0.15 0.25 

0.81915 0.57358 0 

= -0.14340i + 0.20479j- 0.12287k 


v c =-(0.1434 m/s)i + (0.204 m/s)j- (0.1229 m/s)k ◄ 
a c =axr c/A +(oxv c 


i 

j 

k 


i 

j 

k 

0.0375 

0 

0 

+ 

0 

0.15 

0.25 

0.81915 

0.57358 

0 


-0.14340 

0.20479 

-0.12287 


= 0.021509k + 0.06962i + 0.03585j + 0.02151k 


a c =-(0.0696 m/s 2 )i + (0.0359 m/s 2 )j +(0.0430 m/s 2 )k ◄ 
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PROBLEM 15.199 

In the planetary gear system shown, gears A and B are 
rigidly connected to each other and rotate as a unit about the 
inclined shaft. Gears C and D rotate with constant angular 
velocities of 30 rad/s and 20 rad/s, respectively (both 
counterclockwise when viewed from the right). Choosing 
the x axis to the right, the y axis upward, and the z axis 
pointing out of the plane of the figure, determine (a) the 
common angular velocity of gears A and 5, ( b ) the angular 
velocity of shaft FH, which is rigidly attached to the 
inclined shaft. 


SOLUTION 

Place origin at F. 
Point 1: 

Point 2: 


Motion of gear unit AB: 


r, = -(80 mm)i + (260 mm) j 

r 2 = +(80 mm)i + (50 mm)j 
00 £ = +(30 rad/s)i 
00 c = +(20 rad/s)i 
v, =co £ xr, 

= (30i) x (—80i + 260j) 

Vj = (7800 mm/s)k 

v 2 = co G x r 2 

= (20i)x(80i + 50j) 
v 2 = (1000 mm/s)k 



( 2 ) 


to = co x i + co j + 0 )k 


co x (O y 

-80 +260 


k 

0 


= -260<y_i - 80<y. j + (260<y x + 80 co y )k 


Recall from Eq. (1) that v = 7800k. 

7800k = -260co A - SO&rj + (260co x + 80cu v )k 


Equate coefficients of unit vectors. 

®z=0 

7800 = 260 co x + 80ty v (3) 
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PROBLEM 15.200 

In Problem 15.199, determine (a) the common angular acceleration of gears A and B. (b) the acceleration of 
the tooth of gear A which is in contact with gear C at Point I. 


SOLUTION 

See the solution to part (a) of Problem 15.199 for the calculation of the common angular velocity of unit AB. 

to = (28.387 rad/s)i + (5.242 rad/s)j 

The angular velocity vector CO rotates about the x-axis with angular velocity 0 ) FH . See part (b) of Problem 
15.199 for the calculation of 0 ) /H . 

(o FH = (25.776 rad/s)i 

(a) Common angular acceleration of unit AB . 

a = (o FH x (o 

= (25.776i) x (28.387i + 5.242j) 

= 135.12k a = 135.1 rad/s 2 k ◄ 

The position and velocity vectors of a tooth at the contact Point 1 of gears A and C are 

Tj = -(80 mm)i + (260 mm)j 
v, = (7800 mm/s)k 

as determined in part (a) of Problem 15.199. 

6 b ) Acceleration of the tooth at Point 1 of gear A. 

= axTj +iox Vj 

= (135.12k)x(-80i + 260j) + (28.387i + 5.242j)x 7800k 
= —108 lOj - 3513 li - 221419j + 40888i 
= (5757 mm/s 2 )i - (232229 mm/s 2 )j 

a, = (5.8 m/s 2 )i - (232 m/s 2 )j ◄ 
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PROBLEM 15.201 (Continued) 


Coefficients of j: 

(v a ),=-7.5 


Coefficients of i: 

(VA=K> (Oy 


Coefficients of k: 

0A=° 


Recall the Equations 

(v A ) x = - 2 (v A ) y 


and 

10<y v = —2(—7.5) 


So, 

0) x =1.5 rad/s and (v A ) x =15 in./s 



CO = (0.75 rad/s)i + (1.5 rad/s)j 4 

(b) 

Velocity of A: 

v A = (15 in./s)i - (7.5 in./s)j 4 

(c) 

Velocity of C: 

r c = 5i + 4j + 2k 
v c = G)xr c 

i j k 

= 0.75 1.5 0 

5 4 2 

= 3i -1.5 j + (3 - 7.5)k 



v c = (3 in./s)i - (1.5 in./s )j - (4.5 in./s)k 4 
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Dimensions in in. 


PROBLEM 15.202 

In Problem 15.201 the speed of Point B is known to be constant. 
For the position shown, determine (a) the angular acceleration of the 
guide arm, ( b ) the acceleration of Point C. 

PROBLEM 15.201 Several rods are brazed together to form the 
robotic guide arm shown, which is attached to a ball-and-socket joint at 
O. Rod OA slides in a straight inclined slot while rod OB slides in a 
slot parallel to the z-axis. Knowing that at the instant shown 
\ B - (9 in./s)k, determine (a) the angular velocity of the guide arm, 
(b) the velocity of Point A, (c) the velocity of Point C. 


SOLUTION 



Since rod at D slides in slot which is of slope 1:2, 


and 


(v D ) x =-2(v d )„ 

0A =-2( v A 


Angular velocity . 


Coefficients of k: 
Coefficients of i: 


CO = co x i + coj + co ; k 

\ B = coxr B : (9 in./s)k =(a> x \ + a> y $ + a>X)x(\2 in.)j 
9k = 12cy v k -12 co z i 
9 = 1 2d) x co x =0.75 rad/s 

0 = -12 co z co z = 0 
v A = coxr A 

v A = (0.75i + <y v j) x (10k) 

(v A V + (v A ), j + (v A ) z k = -7,5j +10cn v i 


Coefficients of j: 
Coefficients of i: 
Coefficients of k: 


(v A ) y =-7.5 
(vA = 10 co y 
(Va)z =0 
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PROBLEM 15.202 (Continued) 


Recall the Equations 

and 

So, 

Velocity of A: 
Velocity of C: 


( v a) x =~ 2 (v A ) y 
10 co y = —2(—7.5) 

C 0 Y - 1.5 rad/s and (v A ) JC = 15 in./s 
CO = (0.75 rad/s)i + (1.5 rad/s)j 
v A = (15 in./s)i - (7.5 in./s)j 
r c = 5i + 4j + 2k 


i j k 

= 0.75 1.5 0 
5 4 2 

= 3i - 1.5j + (3 - 7.5)k 
v c = (3 in./s)i -(1.5 in./s)j - (4.5 in./s)k 
a B =axr B + cox(coxr c ) 

= axr c +coxv B 


i 

j 

k 

i 

j 

k 


a y 

a z + 

0.75 

1.5 

0 

0 

12 

0 

0 

0 

9 


= -12ctr.i +1 2cc x k +13.5i - 6.75 j 
a B =(13.5-12a.)i-6.75j + 12a r k 

(a B ) x = 13.5 — 12a z =0 a z =1.125 rad/s 2 
(a B ) y =- 6.75 (a B ) y =-6.75 in./s 2 
(a B ) ; =l2a x =0 a x = 0 
a A = axr A + cox(coxr A ) 


i 

j 

k 


i 

j 

k 

0 


1.125 

+ 

0.75 

1.5 

0 

0 

0 

10 


15 

-7.5 

0 


Thus, 

But 

Therefore, 


= 10cr v i + (-5.625 - 22.5)k 
a A =10« v i- 28.125k 

(a A ) x = 10 a y (a A ) y = 0 (a A ), = -28.125 in./s 2 

K),-=- 2 K)y =0 

( a A ) x = \0a v =0 a = 0 
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PROBLEM 15.203 


Rod AB of length 25 in. is connected by ball-and-socket joints 
to collars A and B , which slide along the two rods shown. 
Knowing that collar B moves toward Point £ at a constant 
speed of 20 in./s, determine the velocity of collar A as collar B 
passes through Point D. 


E 
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PROBLEM 15.204 

Rod AB , of length 11 in., is connected by ball-and-socket 
joints to collars A and B. which slide along the two rods 
shown. Knowing that collar B moves downward at a 
constant speed of 54 in./s, determine the velocity of collar A 
when c — 2 in. 


SOLUTION 


Geometry. 

(AB ~ X AIB + yAIB + Z A/B- 0-h “(6) + ( 2) + (Z A //j) 


Zaib = 9 in. r m = (-6 in.)i - (2 in.)j + (9 in.)k 

Velocity of collar B. 

= -v B j = -(54 in./s) j 

Velocity of collar A. 

= V A k 


+ y m . 

where 

y AIB ~ (i> AB Xr A/B 

Noting that v w; is perpendicular to r A/B , we get r B/A • \ BIA = 0. 

Forming r m ■ v ,, we get 

r A,B ■ v A = r m ■ (y B + y m ) = r m ■ \ B + r m ■ v m 

or 

r AIB- V A = T A/B-Vb (!) 

FromEq. (1), (-6i- 

■ 2 j + 9 k) • v A k = (-61 - 2j + 9k) • (-54 j) 

or 

9v A = 108 v A =(12.00 in./s)k ◄ 
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PROBLEM 15.205 

Rods BC and BD are each 840 mm long and are connected 
by ball-and-socket joints to collars which may slide on the 
fixed rods shown. Knowing that collar B moves toward A 
at a constant speed of 390 mm/s, determine the velocity of 
collar C for the position shown. 


SOLUTION 

Geometry. 

Velocity ofB. 


,2 _ 2 2 2 
l BC - X C/B + yc/B + Z CIB 

(840) 2 = c 2 + (640 - 480) 2 + (200) 2 


c = 800 mm 


r c/B = (800 mm)i + (160 mm)j - (200 mm)k 


l CIB 

v 


12 . 5, 

— 1 k 

v 13 13 


= (390 mm/s) 


12 


Velocity of C. 


where 


-j-k 

v 13 13 

= -(360 mm/s) j - (150 mm/s)k 


f Cl B ~ ®BC X r C/B 


Noting that \ CIB is perpendicular to r OB , we get r OB ■ \ C/B = 0 


So that 


(800i + 160j -200 k) • (-360j - 150k) = (800i + 160j - 200k) • (v c i) 
(160)(—360) + (-200X-150) = 800 v c 


v c = -34.5 mm/s 


v r = 


-(34.5 mm/s)i 4 
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SOLUTION 



Geometry. 

r Bic = (-8 in.)k 

Taib = - (25 in.)i + (20 in.) j - (8 in.)k 


Velocity at B. 

V B = %j X r B/C 

= 3jx(-8k) 

= -(24 in./s)i 


Velocity of collar A. v 4 = v A j 

V A = V B + V A/B 


where 

V A/B ~ ®AB Xr A/B 


Noting that \ A/B is 

perpendicular to r A/B , we get r B/A ■ v B/A - 0. 


Forming r A/B -v A , 

we get r A!B ■ = Ta/b ■ (▼* + Vais ) 

= r A/B ' V B + V AIB ' V A/B 


or 

r A/B-v A =r A/B -v B 

(1) 

From Eq. (1), 

(-251 + 20j - 8k) • (vj) = (—251 + 20j - 8k) • (24i) 

20 v A = - 600 


or 

v A = -30 in./s 

v A = -(30.0 in./s)j -4 
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V BIC ~ (' 
r A/B — ( — 12 


in.)k, 

in.)i + (21 in.)j+ (16 in.)k 


Velocity at B. 

V B = 

x r «/c 


= 

10jx(-8k) 


= 

(-80 in./s)i 

Velocity of collar A. \ A = 

v A J 


V A = 

V B + V A /B 

where 

y A/B ~ 

' X r AIB 

Noting that \ m i 

is perpendicular to r AIB , 

we get r BIA ■ \ B/A = 0. 

Forming r m • v A 

. we § et r A/B ' 

= r A/B '( v b + v a/b) 



= r A /B +r AIB -V A /B 

or 

r A/B ' 

V A= r A/B' V B 

From Eq. (1), 

(-12i + 21j + 16k)-(v 

J) = (-12i + 21j + 16k)-(-: 


( 1 ) 


v A = (45.7 in./s)j ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1297 






SOLUTION 

Geometry. r A = yj, 

r D = (90 mm)i 
r c = (180 mm)k 

t dic ~ v d ~ r c 

= (40 mm)i - (180 mm)k 

/ cd - V ( 9 °) 2+ ( 18 °) 2 

= 201.246 mm 

_ C ( r D/c) 

Tb ' c ~ 180 

_ 80(90i-180k) 

180 

= (40 mm)i - (80 mm)k 

r B ~ r C + r BIC 

= 180k + 40i - 80k 
= (40mm)i + (100 mm)k 

T A IB = r A- r B 

= -(40 mm)i + (y mm)j - (100 mm)k 

l~AB - X AIB + y 2 + Z AIB '■ 300" = (-40) 2 + y 2 + (-100) 2 
y = 280 mm, 

r a/ B = (-40 mm)i + (280 mm)j - (100 mm)k 
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PROBLEM 15.208 (Continued) 


Velocity of collar B. 

r DIC 

Y B ~ y B , 

CD 

_(50)(90i — 180k) 

Vb ~ 201.246 

= (22.3607 mm/s)i - (44.7214 mm/s)k 


Velocity of collar A. 

•^s 

& 

II 



+ V A/B 


where 

y A/B ~ ( 0 AB Xr A/B 


Noting that v v/( is perpendicular to r AjR , we get r B/A ■ \ B/A — 0. 


Forming r m • v A , we get 

r A!B' =r 4/ « -(v B + v AW ) 



= r A/B-^B+ r AIB^AIB 


or 

r A,B ■ VA= r A/B-V B 

(1) 

From Eq. (1), (-40i + 280j- 

■100k) ■ (vj) = (— 40i + 280j - 100k) ■ (22.3607i - 44.7214k) 



280v a = (-40X22.3607) + (-100)(-44.7214) 


or 

v A = 12.7775 mm/s v A = (12.78 nmt/s)j A 
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SOLUTION 

Geometry. r A = yj, 

r D = (90 mm)i 
r c = (180 mm)k 

r D/c ~ r D~ r c 

= (90 mm)i - (180 mm)k 

/ CD = V ( 9 °) 2 +(- l8 °) 2 

= 201.246 mm 

_ C ( r D/C ) 

Tb,c ~ 180 

_ 120(90i - 180k) 

180 

= (60 mm)i - (120 mm)k 

r B = F C + r BIC 

= 180k + 60i- 120k 
= (60 mm)i + (60 mm)k 

r AIB ~ r 4 — r /i 

= -60i+vj-60k 

l 2 AB=4 B +y 2 + z 2 m - 300 2 = 60 2 + y 2 + 60 2 
y = 287.75 mm, 

r m = (-60 mm)i + (287.75 mm)j - (60 mm)k 
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PROBLEM 15.209 (Continued) 


Velocity of collar B. 

r DIC 

V B - V B j 

CD 

_(50)(90i — 180k) 

Yb ~ 201.246 

= (22.3607 mm/s)i - (44.7214 mm/s)k 


Velocity of collar A. 

•^s 

& 

II 

6? 



V A = Vs + V A/£ 


where 

y A/B ~ ®AB X r A/B 


Noting that v v/( is perpendicular to r A/B , we get r /j/A ■ \ B/A = 0. 


Forming r m • v A , we get 

r A!B' ' / a=*AIB-^b+V A Ib) 



= *AIB ' + r A/B ' V A/B 


or 

r A,B' v A =r A/B -v B 

ID 

From Eq. (1), (-60i + 287.75j - 

■ 60k) • (vj) = (—601 + 287.75j - 60k) • (22.3607i - 

44.7214j) 


287.75v a = (-60)(22.3607) + (-60)^4.7214) 


or 

v A = 4.6626 mm/s 

v A = (4.66 mm/s)j M 
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PROBLEM 15.210 



Two shafts AC and EG, which lie in the 
vertical yz plane, are connected by a 
universal joint at D. Shaft AC rotates 
with a constant angular velocity CO x as 
shown. At a time when the arm of the 
crosspiece attached to shaft AC is 
vertical, determine the angular velocity 
of shaft EG. 


SOLUTION 

Angular velocity of shaft AC. C0 AC =<£|k 

Let at , j be the angular velocity of body D relative to shaft AD. 

Angular velocity of body D. (j) D = CO x k + 0)f] 

Angular velocity of shaft EG. (0 EG = Of (cos 25°k - sin 25°j) 

Let co 4 i be the angular velocity of body D relative to shaft EG. 

Angular velocity of body D. CO D = Of (cos 25°k - sin 25°j) + Ofi 

Equate the two expressions for co D and resolve into components. 

i: 0 = co 4 

j: Of=-a> 2 sin25° 
k: co l =a> 2 c os 25° 

0 ), 


From Eq. (3), 


Of 


cos 25° 


cos 25' 


( 1 ) 

( 2 ) 

(3) 

-(-sin25°j + cos25°k) ◄ 
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PROBLEM 15.211 

Solve Problem 15.210, assuming that 
the arm of the crosspiece attached to 
the shaft AC is horizontal. 

PROBLEM 15.210 Two shafts AC 
and EG, which lie in the vertical yz 
plane, are connected by a universal 
joint at D. Shaft AC rotates with a 
constant angular velocity (O x as 
shown. At a time when the arm of 
the crosspiece attached to shaft AC is 
vertical, determine the angular 
velocity of shaft EG. 


SOLUTION 

Angular velocity of shaft AC. (O ac ~co x k 

Let <y 3 i be the angular velocity of body I) relative to shaft AD. 

Angular velocity of body D. to D = co x k + ffit,i 

Angular velocity of shaft EG. <o IG = co 2 (cos 25°k - sin 25°j) 

Let (ofk be the angular velocity of body D relative to shaft EG, 
where A is a unit vector along the clevis axle attached to shaft EG. 



A = cos25°j + sin25°k ~v 

cofk = Oh cos 25°j + co, sin 25°k \*V‘ 


Angular velocity of body D. 

+ . z — ^7 

(O q — (0 eg “t" to i /- 


Equate the two expressions for 

(o D = (co 4 cos 25° - a> 2 sin 25°)j 
+(<y 4 sin 25° + co 2 cos 25°)k 

0 ) D and resolve into components. 



i: ty 3 =0 

(1) 


j: 0 = (y 4 cos25 o -(y 2 s i n 25 o 

(2) 


k: a\=co 4 sin 25° + c 0 2 cos25° 

(3) 

From Eqs. (2) and (3), 

co 2 =co l c os25° a> EG = o\ cos25°(-sin25 0 j + cos25°k) A 
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PROBLEM 15.212 



In Problem 15.206, the ball-and-socket joint between the rod and collar A is replaced by 
the clevis shown. Determine (a) the angular velocity of the rod, ( b ) the velocity of collar A. 


SOLUTION 


Geometry . r B/c = (8 in.jk r AIB = -(25 in.)i + (20 in.jj - (8 in.jk 

Velocity of collar B . \ B = fojj x r B/c = -3j x 8k = (24 in./s)i 

Velocity of collar A . \ A = v A j 

Angular velocity of collar A . ft) , = CO , j 

The axle of the clevis at A is perpendicular to both the y axis and the rod AB. A vector p along this axle is 

p = j x r A/B - j x (—25i + 20j - 8k) = -8i + 25k 

p = V8 2 + 25 2 = 26.24 88 

Unit vector X along axle: X = — = -0.30478i + 0.95242k 

P 


Let G) 2 be the angular velocity of the rod AB relative to collar A. 

co 2 = <y 2 X = -0.30478<y 2 i + 0.95242ry 2 k 

Angular velocity of rod AB . (d AB = (0 A + (0 2 

( 0 AB = -0.30478(y 2 i + coj + 0.95242<y 2 k 

+ v A/B = \ B + <o AB xr A/B 


vj = 24i + 


-0.30478<y 2 


-25 


j k 

o\ 0.95242 co 2 
20 -8 


Resolving into components, 


i: 0 = 24-8^-19.0484f6> 2 
j: v A = -26.2487ty 2 
k : 0 = 25^ - 6.0956 co 2 


( 1 ) 


(2) 

(3) 

(4) 
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PROBLEM 15.212 (Continued) 

Solving Eqs. (2), (3) and (4) simultaneously, 

v A = -30 in./s, 
co x =0.27867 rad/s, 

<o, =1.1429 rad/s 

(a) Angular velocity of rod AB . 

From Eq. (1) & AB =-(0.30478)(1.1429)i + 0.27867j + (0.95242)(1.1429)k 

co^ = -(0.348 rad/s)i + (0.279 rad/s)j + (1.089 rad/s)k ◄ 

0 b ) Velocity of A . \ A = -(30.0 in./s)j A 
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PROBLEM 15.213 

In Problem 15.205, the ball-and-socket joint between the rod and 
collar C is replaced by the clevis connection shown. Determine 
(a) the angular velocity of the rod, (b) the velocity of collar C. 


SOLUTION 

Geometry. 


r c = x c i + (640 mm)j, r /; = (480 mm)j + (200 mm)k 

AB 


l iB = V480 2 + 200 2 = 520 mm 


r c/B = x c i + (160 mm)j - (200 mm)k 


Length of rod BC. 
Solving for x c . 

Velocity. 


V BC = 840- = x~c + 160- 
x c = 800 mm 


200 - 


r aB = (800 mm)i + (160 mm)j - (200 mm)k 
390 

\ B = ^^(-480j - 200k) = (-360 mm)j - (150 mm/s)k 
= v r \ 


( 0 C = o c i 


Angular velocity of collar C. 

The axle of the clevis at C is perpendicular to the x-axis and to the rod BC. 

A vector along this axle is p = i X r c/B 

p = i x (800i + 160j - 200k) = (200 mm)j + (160 mm)k 


= V200 2 + 160 2 = 256.125 mm 


Let be a unit vector along the axle. 


X = — = 0.78087j + 0.62470k 
P 


Let C 0 A = cofk be the angular velocity of rod BC relative to collar C. 

to s = 0.78087m, j + 0.62470m,k 


Angular velocity of rod BC. 


(0 BC = C0 C + co s 


co BC = m c i + 0.78087m,j + 0.62470m,k 

V C = V B + CO BC X r c/B 


-360j - 150k + 


J 

;08 

160 


m c 0.78087m,, 0.62470m, 


800 


k 

147' 

-200 
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PROBLEM 15.213 (Continued) 


Resolving into components, 


i: v c = -256.126 co s 

(1) 

j: 0 = —360 + 200<'/{ + 499.76<y s 

(2) 

k: 0 = -150 + 160 co c - 624.70ty s 

(3) 


Solving the simultaneous equations (1), (2), and (3), 

co c = 1.4634 rad/s, co s = 0.13470 rad/s, v c = -34.50 mm/s 

(a) Angular velocity of rod BC. 

(0 BC = 1.4634i + (0.78087X0.13470) j + (0.62470)(0.13470)k 

c o BC = (1.463 rad/s)i + (0.1052 rad/s)j + (0.0841 rad/s)k ◄ 

(b) Velocity of collar C. \ c = -(34.5 mm/s)i 4 
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PROBLEM 15.214 

In Problem 15.204, determine the acceleration of collar A 
when c — 2 in. 

PROBLEM 15.204 Rod AB of length 11 in., is connected 
by ball-and-socket joints to collars A and B. which slide 
along the two rods shown. Knowing that collar B moves 
downward at a constant speed of 54 in./s, determine the 
velocity of collar A when c — 2 in. 


SOLUTION 

Geometry. 

Velocity of collar 


1ab ~ -F 

Zaib = 9 in. 


r AiB + y~AiB + Zaib '■ ( 11 ) - ( 6 )“ + ( _2 )“ + (z A/B )' 

r A/B = (-6 in.)i - (2 in.) j + (9 in.)k 

-v«j = -(54 in./s )j 

(2.5)(4.5i-9k) ... 

-= (1.11803 in.)i - (2.23607 in./s)k 

10.0623 


Velocity of collar A. 


V A : 

> 

II 




V A : 

~ V B + V A/B’ 

where 



y A/B 

= C0 AB Xr A/B 

Noting that \ A/B 

is perpendicular to 


We § et r /i/A ' 

Forming r A/B ■ v , 

, we get 

V AIB 

• Va 

= r Affi-(' , B + 

or 


r A/B 


= r A® -y B 

FromEq. (1), 

(—6i— 

-2j+9k) 

•v A k 

= (—6i - 2j + 

or 



9v a 

= 108 

Relative velocity 



V A/B 

= v a -v b 


y A/B ) “ r AIB ' y B + r AIB ' V A/B 

+ 9k) • (—54j) 


V A/B = (54 
( v a/b ) 2 = (54) 2 

a B =° 
a A — 

a A ~ a B + a A/B 

a A/B=a AB xr A/B + i>i AB x\ 

perpendicular to r AIB , we get r 


in./s )j + (12.00 in./s)k 
+ (12.00) 2 = 3060 in 2 /s 2 


of collar B. 
of collar A. 


AB Xf A IB i S 


'aib 

~A/B ' a AB X r A/B = 0 


( 1 ) 

v A = (12.00 in./s)k 
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PROBLEM 15.214 (Continued) 

We note also that 

r AIB ' 01 AB X V AIB ~ y AIB ' V AIB X ^ AIB 

~ -V AIB ' y AIB ~ ~( V AIB ) 

Then, 

r AIB ' a A/B — 0 _ ( V AIB ) = ~( V AIB ) 

Forming r AIB -a A , we get 

r A/B ' a A = r A/B ' ( a A + a AIB ) = r A/B ' a B + r AIB ' a AIB 

or 

r AIB ' a A = r AIB ' a B ~ ( V AIB ) (2) 

From Eq. (2) 

(—6i - 2i + 9k) • n A k = 0 - 3060 


9n A =-3060 a A =-(340in./s 2 )k A 
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PROBLEM 15.215 



In Problem 15.205, determine the acceleration of collar C. 

PROBLEM 15.205 Rod BC and BD are each 840 mm 
long and are connected by ball-and-socket joints to collars 
which may slide on the fixed rods shown. Knowing that 
collar B moves toward A at a constant speed of 390 mm/s, 
determine the velocity of collar C for the position shown. 


SOLUTION 


Geometry. 

i2 2 2 2 

l BC ~ X C/B + yC/B + Z C/B 

(840) 2 = c 2 + (640 - 480) 2 + (200) 2 c = 800m 


r c/B = (800 mm)i + (160 mm)j - (200 mm)k 

Velocity ofB. 



.(390nm*,(-l|j-A k j 


= -(360 mm/s)j - (150 mm/s)k 

Velocity of C. 

,P U 

> 

II 

where 

V- = 


V C/B = 05 BC X r C/B 

Noting that \ CIB is perpendicular to r c/B , we get r c/B ■ v c = r CIB • v (J 

(800i + 160j - 200k) • (-360j + 150k) = (800i + 160j - 200k) • (v c i) 


(160) ( —360) + ( —200)(—150) = 800v c 


v c = -34.5 mm/s v c = -(34.5 mm/s)i 

Relative velocity. 

v c/b =v c- y B 


\ C/B = -(34.5 mm/s)i + (360 mm/s)j + (150 mm/s)k 
v 2 ffl = (34.5) 2 + (360) 2 + (150) 2 = 153290 mm 2 /s 2 

Acceleration of collar B: 

a B =0 

Acceleration of collar C: 

a c = a C i 


a C = a B + a CIB 
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PROBLEM 15.215 (Continued) 

where 

a CIB = a CB X r C/B + w c« x y CIII 

Noting that a CB x r c/fj is perpendicular to r c/B , we get r c/B ■ a CB x r c//J = 0 

We note also that 

r B/C ' 10 CB X y CIB - y CIB ' r CIB X “c/B 

= y C/B ' V C/B = ~( V C/B ) 

Then, 

r C/B ' a c = 0 — ( v C/fl) = — ( v c/b) 

Forming r CIB • a c , we get 

r C/B ' a C = r C/B ' ( a fi + a C/B ) = r B/C ' a B +V B/C ' a C/B 

so that 

r C/B ' a C = r C/B ' a B ~ ( V CIB ) (2) 

From Equation (2), 

(800i + 160j - 200k) • a c i = 0 -153290 

800c/ c =-153290 

a c =—191.6mm/s 2 a c =—(191.6mm/s 2 )i A 
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PROBLEM 15.216 

In Problem 15.206, determine the acceleration of collar A. 

PROBLEM 15.206 Rod AB is connected by ball-and-socket joints to 
collar A and to the 16-in.-diameter disk C. Knowing that disk C rotates 
counterclockwise at the constant rate co Q — 3 rad/s in the zx plane, 
determine the velocity of collar A for the position shown. 


SOLUTION 

Geometry. 

Velocity at B. 

Velocity of collar A. 

where 


r B/c = (“ 8 in -)k 

r A/B = -( 25 in -)i + (20 in.)j - (8 in.)k 
v ft - 0 Vi x r /;/c 

— 3j x (—8k) 

= (24 in./s)i 

V A = V Ai 


Noting that \ A/B is perpendicular to r A/B , we get r B/A ■ v B/A = 0. 
Forming r A/B • v A , we get 


r m' VA=r A/B -(v B + V A/B ) 


= r 


A/B ' y B + r A/B ' y A/B 


or 

From Eq. (1) 

or 

Relative velocity. 


(—25i + 20j - 8k) • (vj) = (—25i + 20j - 8k) • (24i) 
20v a =-600 

v A = -30 in./s 


Va/b =Va-Vb 

\ A /b = (“30 in./s )j + (24 in./s)i 
( v a/b) 2 “ (-30) 2 + (24) 2 
= 1476 in 2 /s 2 


( 1 ) 
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PROBLEM 15.217 

In Problem 15.207, determine the acceleration of collar A. 

PROBLEM 15.207 Rod AB of length 29 in. is connected by ball- 
and-socket joints to the rotating crank BC and to the collar A. 
Crank BC is of length 8 in. and rotates in the horizontal xz 
plane at the constant rate a> 0 = 10 rad/s. At the instant shown, 
when crank BC is parallel to the z axis, determine the velocity 
of collar A. 


SOLUTION 



Geometry. 

r B/C = <“ 8 in ') k > 

r A/B = ( _12 in -)i + ( 21 in -)j + ( 16 in -)k 


Velocity at B. 

v 7> = G,i x r /;/c 
=10jx(-8k) 

= (-80 in./s)i 


Velocity of collar A. 

Lt = Li J 

Li = V B + V A/B 


where 

y A/B ~ X r A/B 


Noting that \ AIB is perpendicular to 

r A/B> we g et r B/A- y B/A= 0. 


Forming r AIB -\ A , we get 

r A/B VA= r A/B'(V B +V A/B ) 

= r AIB ' y B + V A/B ' y AIB 


or 

r AIB- y A= r AIB- y B 

(1) 

From Eq. (1) (-12i + 21j + 16k) • (v A j) = (—12i + 21j — 16k) • (—80i) 

21 v A =960 


or 

=45.714 in./s 

v A = (45.7 in./s)j ◄ 
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y | 


PROBLEM 15.218 


f 

(L 


In Problem 15.208, determine the acceleration of collar A. 


A l/j 

j 


PROBLEM 15.208 Rod AB of length 300 mm is connected by 
ball-and-socket joints to collars A and B, which slide along the 
two rods shown. Knowing that collar B moves toward Point D at a 
constant speed of 50 mm/s, determine the velocity of collar A 
when c = 80 mm. 



1 90 mm 

1 






• 


180 mm 



SOLUTION 

Geometry. 


Velocity of collar B. 


Velocity of collar A. 


where 


r A = >j> r o = (90 mm)i r c = (180 mm)k 
r D/c = r D - r c = (90 mm)i - (180 mm)k 


CD 


1 B/C 


1 A/B 


■ \j(90) 2 + (180) 2 


= 201.246 mm 
c(r D/c ) _ 80(90i- 180k) 


180 

: r C + r BIC 


180 


(40 mm)i - (80 mm)k 


= 180k + 40i - 80k = (40 mm)i + (100 mm)k 
-(40 mm)i + (y mm)j - (100 mm)k 


12b = 4,b + y + Z- A/B : 300- = (-40) + y 1 + (-100)" 
y = 280 mm, 

r A/B ~ (“40 mm)i + (280 mm)j - (100 mm)k 


1 D/C 


V K =■ 


CD 

(50)(90i — 180k) 


201.246 

= (22.3607 mm/s)i - (44.7214 mm/s)k 
V A = V A J 


y AIB ~ 10 AB X r AIB 


Noting that \ AIB is perpendicular to r A/B , we get r 


l BIA ' y B/A ~ 
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PROBLEM 15.218 (Continued) 


Forming r A/B • v A , we get 

r A/B ' V A — r A/B 

•( v b + v a/b) 



~ r A/B 

■^B +r AIB^AIB 


or 

r A/B ' V A = r A/B 


(1) 


From (1) (-40i + 280j - 100k) • (vj) = (—401 + 280j - 100k) • (22.3607i - 44.7214k) 

280v A = (-40)(22.3607) + (-100)(-44.7214) 


or 

v A =12.7775 mm/s v A = (12.7775 mm/s) j 

Relative velocity. 

y m =v a ~v b 

= (12.7775 mm/s )i - (22.3607 mm/s)j +(44.7214 mm/s)k 
\ AIB ' y A /B = (12.7775) 2 + (22.3607) 2 + (44.7214) 2 
= 2663.3 mm 2 /s 2 

Acceleration of collar B. 

a B =0 

Acceleration of collar A. 

a A = a A 1 

a A = a B + a A/B 

where 

a A/B ~ a AB X r AIB + ®AB X V A/B 

Noting that a AB xr A/g is perpendicular to r A/B , we get r A/B ■ a AB X r AIB = 0 

We note also that 

r A/B ' V*AB X V A/B ~ y AIB ' r A/B X ®A/B 

= ~ y AIB ' V A/B 

= ~(y A /B ) 

Then 

r AIB ' a A/B = 0 - (y AjR ) 

= ~( V A/B ) 

Forming r A/B a A , we get 

r AIB ' a A = r AIB ' ( a A + a A/B ) 

= r AIB ' a B + r AIB ' a AIB 

or 

r A/B ' a A — r A/B ' a B - ( V AIB ) 


From Eq. (2) (-40i + 280j - 100k) • (a A j) = 0 - 2663.3 

280 a A = -2663.3 a A =-9.512 mm/s 2 

a A =-(9.51 mm/s 2 )j 4 
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SOLUTION 

Geometry. 


Velocity of collar B. 


Velocity of collar A. 


where 


r A = yj> v d ~ (90 mm)i r c = (180 mm)k 


r Dic = r D~ r c = (40 mm)i-(180 mm)k 


l D/C 

l CD = f 90) 2 +(-180) 2 = 201.246 


c(r D/c ) 120(90i-180k) 


l B!C 


l D/C 

180 


180 


; (60 mm)i - (120 mm)k 


r B ~ r c + r B/c = 1 80k + 60i - 120k = (60 mm)i + (60 mm)k 
r A/B = r A - r B = -60i + vj- 60k 
l\ B = Vue + v 2 + z a ,e ■ 300 2 = 60 2 + y 2 + 60 2 
y = 287.75 mm, 

y aib = (“60 mm)i + (287.75 mm)j - (60 mm)k 


_ (50)(90i-180k) 

201.246 

= (22.3607 mm/s)i - (44.7214 mm/s)k 


Va = v A i 


V A = + VlB 


Noting that v v;i is perpendicular to r A/B , we get r BIA ■ \ B/A = 0. 
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Forming r A/B ■ v A , we get 


PROBLEM 15.219 (Continued) 


r A/B' V A= r A/B'( V B+W 

V A/B ' y B + r A!B ' y AIB 


or 


1 A/B 


= r A 

Va = r A/B ■ y B 

From Eq. (1) (-60i + 287.75j - 60k) • (vj) = (—60i + 287.75j - 60k) • (1.11803i - 2.23607j) 

287.75v A = (-60)(22.3607) + (-60)(—44.7214) 


( 1 ) 


or 


= 4.6626 mm/s 


v A = (4.6626 mm/s)j 


Relative velocity . 


T AIB 'AIB 


= -(22.3607 mm/s)i + (4.6626 mm/s)j + (44.7214 mm/s)k 
= (22.3607) 2 + (4.6626) 2 + (44.7214) 2 
= 2521.7 


Acceleration of collar B. 
Acceleration of collar A. 

where 


a fi =0 


'AIB 


:a Ai 


'' a AB X V AIB + ® AB X y AIB 


Noting that a AB x r 1//; is perpendicular to r A/B , we get r AIB ■ a AB X r AIB - 0. 


We note also that 


: V AIB ' r AIB X ro A/B 


= — V, 


Then 


Forming r A/B a A , we get 


r AIB ' a A/B _ 


AIB 'AIB 

(Aaib ) 

0 _ ( 1 'a/b) 

2 


( V A/fl) 


= r 


A/B 


■ (a A + a A/B ) 


= r. 


or r A/B' a A 

From Eq. (2), (—60i + 287.75j - 60k) • (a A j) 

287.75u. 


~ r MB' a B ( v a/b) 

= 0-2521.7 
= -2521.7 


(2) 


a A = —8.764 mm/s" 


a A =-(8.76 mm/s 2 ) j 4 
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PROBLEM 15.220 

A square plate of side 18 in. is hinged at A and B to a clevis. The 
plate rotates at the constant rate co,- 4 rad/s with respect to the 
clevis, which itself rotates at the constant rate co x — 3 rad/s about 
the Y axis. For the position shown, determine (a) the velocity of 
Point C, ( b ) the acceleration of Point C. 


SOLUTION 

Geometry. r c =(18 in.)(cos 20°i - sin 20°j) 

Let frame O.xyz rotate about the y axis with angular velocity Q = co x j and angular acceleration Q = 0. Then 
the motion relative to the frame consists of rotation with angular velocity co 2 = k and angular acceleration 
a 2 = 0 about the z axis. 

(a) v r = Qx r c 

= 3j x (18 cos 20°i -18 sin 20° j) 

= -54 cos 20°k 

V C/F — tt>2 X r C 

= 4k x (18 cos 20°i -18 sin 20° j) 

= 72 sin 20°i + 72 cos 20° j 

V C = V + V C/F 

- 72 sin 20°i + 72 cos 20° j - 54 cos 20°k 

v c = (24.6 in./s)i + (67.7 in./s)j - (50.7 in./s)k A 

( b ) a c < = Q x v c - 

= 3j x(-54cos 20°k) 

= -162 cos 20°i 

a C/F — ®2 X y C/F 

— 4k x (72 sin 20°i + 72 cos 20°j) 

= -288 cos 20°i + 288sin20°j 

2Q x \ CIF = (2)(3j) x (72 sin 20°i + 72 cos 20° j) 

= -432 sin 20°k 
a c = a c' + a c/F + 20 x y c/f 

= -(162 + 288) cos 20°i + 288 sin 20°j - 432sin 20°k 

a c = -(423 in./s 2 )i + (98.5 in./s 2 )j- (147.8 in./s 2 )k ◄ 
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PROBLEM 15.221 

A square plate of side 18 in. is hinged at A and B to a clevis. The 
plate rotates at the constant rate co 2 = 4 rad/s with respect to the 
clevis, which itself rotates at the constant rate co l — 3 rad/s about 
the Y axis. For the position shown, determine (a) the velocity of 
corner D, (b) the acceleration of corner D. 


SOLUTION 

Geometry. r D =(18 in.)(cos 20°i - sin 20°j) + (9 in.)k 

Let frame Oxyz rotate about the y axis with angular velocity Q = a\ j and angular acceleration Q =0. Then 
the motion relative to the frame consists of rotation with angular velocity co 2 = (0 2 k and angular acceleration 
a 2 = 0 about the z axis. 

(a) v fl - = Qx r D 

= 3 j x (18 cos 20°i -18 sin 20° j + 9k) 

= 27i -54 cos 20°k 

V /)/f — K>2 X r D 

= 4k x (18 cos 20°i -18 sin 20° j + 9k) 

= 72 sin 20°i + 72 cos 20° j 
V » = V + V »/F 

= (27 + 72 sin 20°)i + 72 cos 20° j - 54cos 20°k 

\ D = (51.6in./s)i + (67.7in./s)j-(50.7in./s)k A 

(b) a D ' =Qxv„. 

= 3jx(27i-54cos20°k) 

= -162 cos 20°i - 8 lk 

a DIF — ®2 X y D/F 

= 4k x (72 sin 20°i + 72 cos 20°j) 

= - 288 cos 20°i + 288 sin 20°j 
2Qx\ d/f = (2)(3j)x(72sin20°i + 72cos20°j) 

= -432 sin 20°k 

a D ~ a D' + a D/F + 20 x y c/F 

= -(162 + 288) cos 20°i + 288 sin 20° j -(81 + 432 sin 20°)k 

a D = — (423 in./s 2 )i + (98.5 in./s 2 )j — (229 in./s 2 )k A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1321 






PROBLEM 15.222 

The rectangular plate shown rotates at the constant rate (0 2 = 12 rad/s 
with respect to arm AE, which itself rotates at the constant rate 
Wj = 9 rad/s about the Z axis. For the position shown, determine the 
velocity and acceleration of the point of the plate indicated. 

Corner B. 


SOLUTION 

Geometry. With the origin at A, 

t b ~ (0-135 m)j 

Let frame AXYZ rotate about the Y axis with constant angular velocity Q = <y,k = (9 rad/s)k. Then the motion 

relative to the frame consists of rotation about the X axis with constant angular velocity to, = 0 ),\ = (12 rad/s)i. 

Motion of coinciding Point B'. 

% = Q x r B 

Motion relative to the frame. 

= 9kx0.135j 
= -(1.215 m/s)i 
a# =axr B + Qxv g ' 

= 0 + 9kx(-1.215i) 

= -(10.935 m/s 2 )j 

\ B/F =co 2 xr B =12ix0.135j 

Velocity of Point B. 

= (1.62 m/s)k 

a B/F - ot 2 x r B + to 2 x v B/F 

= 0 + 12ix 1.62k 

= -(19.44 m/s 2 )j 

v b~ v b ,+ v b/f v b =-(1.215 m/s)i + (1.620 m/s)k A 

Coriolis acceleration. 

20 x v BIF 

Acceleration of Point B. 

2Q x \ BIF = (2)(9k) x 1,62k = 0 

a B ~ a B' + a B/F + 20 X \ B/F 


a B =-(30.375in./s 2 )j a B = -(30.4m/s 2 )j A 
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PROBLEM 15.223 

The rectangular plate shown rotates at the constant rate (0 2 = 12 rad/s with 
respect to arm AE, which itself rotates at the constant rate 0 ) ] - 9 rad/s 
about the Z axis. For the position shown, determine the velocity and 
acceleration of the point of the plate indicated. 

Corner C. 


135 mm 



SOLUTION 

Geometry. With the origin at A, r c = (0.135 m) j + (0.09 m)k 

Let frame AXYZ rotate about the Y axis with constant angular velocity Q. = a > x k = (9 rad/s)k.Then the motion 
relative to the frame consists of rotation about the X axis with constant angular velocity co 2 = co 2 i = (12 rad/s)i. 

Motion of coinciding Point C' in the frame. 

v C ' = Q x r c 

= 9k x(0.135j + 0.09k) 

= -(1.215 m/s)i 
a c - =axr c + Qxv c - 
= 0 + 9kx(1.215i) 

= -(10.935 m/s 2 )j 

Motion relative to the frame. 

V i C/F = ®2 X r C 

= 12ix(0.135j + 0.09k) 

= -(1.08 m/s)j + (1.62 m/s)k 
a c/F = ot 2 x r c + co 2 x v c/f 

= 0 + 12i x (-1 .08 j +1,62k) 

= -(19.44 m/s 2 )j - (12.96 m/s 2 )k 

Velocity of Point C. \ c = \ c > + \ C/F 

v c = -(1.215 m/s)i - (1.080 m/s)j + (1.620 m/s)k A 
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PROBLEM 15.223 (Continued) 

Coriolis acceleration. 

2Q x \ C/F 

2Q x y CIF = (2)(9k)x(-1.08j + 1.62k) 

= (19.44 m/s 2 )i 

Acceleration of Point C. 

a c = a c' + a C/F + 2 £2 x \ C/F 

a c = (19.44 m/s 2 )i - (30.375 m/s 2 )j - (12.96 m/s 2 )k 


a c = (19.44m/s 2 )i-(30.4m/s 2 )j-(12.96 m/s 2 )k A 
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PROBLEM 15.224 (Continued) 

(b) Acceleration ofD. 

a D = a D' + a DIAB + 20 X \ D/AB 

a,y = 0 ), x(o), xr„ /c ) 

= 6 j x (6 j x (0.2i + 0.20833j)) 

= -(7.2 m/s 2 )i 

a D/AB ~ 0 

20 x y D/F = (2)(6j) x ((1,2)i + (0.5)j) 

= -(14.4 m/s 2 )k a D =-(1.2 m/s 2 )i- (14.4 m/s 2 )k ◄ 
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PROBLEM 15.225 

The bent rod ABC rotates at the constant rate (t) l — 4 rad/s. Knowing 
that collar D moves downward along the rod at a constant relative speed 
u = 65 in./s, determine, for the position shown, (a) the velocity of D, 
( b ) the acceleration of D. 
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PROBLEM 15.225 (Continued) 

Motion of collar D relative to the frame. 

V/w . = uk = (65 m./s)^—|jj + ^-kJ 
= -(60 in./s) j + (25 in./s)k 
a D/F ~ 0 (Constant speed on straight path) 

(a) Velocity ofD. \ D = v+ v DIF 

v D = 22i - 60j + 25k 

\ D = (22 in./s)i - (60 in./s)j + (25 in./s)k A 
Coriolis acceleration. 2 £lx\ D/F - (2)(4jjx(-60j + 25k) 

= (200 in./s 2 )i 

(b) Acceleration of Point D. a„ = & D - + a D/F + 2SI x \ D 

a D = (200 in./s 2 )i - (88 in./s 2 )k A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1328 




PROBLEM 15.226 


The bent pipe shown rotates at the constant rate <v l = 10 rad/s. 
Knowing that a ball bearing D moves in portion BC of the pipe 
toward end C at a constant relative speed u — 2 ft/s, determine at 
the instant shown (a) the velocity of D, (b) the acceleration of D. 
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y | 

PROBLEM 15.227 

f 

A 

dp®i 

TnX 

The circular plate shown rotates about its vertical diameter at the constant 
rate co j= 10 rad/s. Knowing that in the position shown the disk lies in the XY 
plane and Point D of strap CD moves upward at a constant relative speed 
u - 1.5 m/s, determine (a) the velocity of D. (I?) the acceleration of D. 

L 

200 mm 
\ 



7^ 

X 



SOLUTION 

Geometry. r D/c = (0.2 m)(cos 30°i - sin 30°j) 

= (0. lV3 m)i - (0.1 m)j 

Let frame Cxyz, which at the instant shown coincides with CXYZ, rotate with angular velocity 

SI = 0\i = (10 rad/s)j. 

Motion of coinciding Point D' in the frame. 

V — Six r D/c 

= 10jx(0.lV3i + 0.1j) 

= -(V3 m/s)k 
a D - = -£2 2 (rcos30°)i 
= -10 2 (0.lV3)i 
= -(10^3 m/s 2 )i 

Motion of Point D relative to the frame. u =1.5 m/s 

\ D/F = «(sin 30°i + cos 30°j) 

= (0.75 m/s)i + (0.75\/3 m/s)j 

2 

a D/F = — •(— cos 30°i + sin 30° j) 

P 

1 5 2 

= — (- cos 30°i + sin 30° j) 

0.2 J 

= -(5.625V3 m/s 2 )i + (5.625 m/s 2 )j 
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PROBLEM 15.228 

Manufactured items are spray-painted as they pass 
through the automated work station shown. 
Knowing that the bent pipe ACE rotates at the 
constant rate co x = 0.4 rad/s and that at Point D the 
paint moves through the pipe at a constant relative 
speed m= 150 mm/s, determine, for the position 
shown, (a) the velocity of the paint at D. (b) the 
acceleration of the paint at D. 


SOLUTION 


Use a frame of reference CE rotating about the x-axis with angular velocity 

£1 - coj = (0.4 rad/s)i 

Geometry: r D/F = (250 mm)(-cos 60°i + sin 60° j) 

= -(125 mm)i + (216.51 mm) j 

Motion of Point D' fixed in the frame CE but coinciding with Point D at the instant considered. 

v iy =Qxr fl/f = (0.4i)x(-125i + 216.51j) = (86.603 mm/s)k 
a /y = Gi x r D/F +fixv„' 

= 0 + (0.4i) x (86.603k) = - (34.641 mm/s 2 )j 


Motion of D relative to the frame CE. 

v dice - M(cos30°i +sin30°j) = (150 mm/s)(cos30°i +sin30°j) 
= (129.90 mm/s)i + (75 mm/s)j 


(a) 


X D!CE 


= ii(cos 30°i + sin 30°j) H-(sin 30°i - cos 30°j) 


= 0 + 


(150)- 

250 


R 


(sin 30°i - cos 30°j) 


= (45 mm/s 2 )i - (77.94 mm/s 2 )j 
Velocity ofD. v D = \ , y + \ D/CE 


u> * 



F 


Coriolis acceleration 


( b ) Acceleration ofD. 


\ D = (129.9 mm/s)i + (75.0 mm/s)j + (86.6 mm/s)k -4 

2 SIxy d/ce 

2 nxv DICE = (2)(0.4i)x(129.90i + 75 j) = (60 mm/s 2 )k 

a D ~ a D' + a DICE + 2 flX V dice 

a D = (45.0 mm/s 2 )i - (112.6 mm/s 2 )j +(60.0 mm/s 2 )k 4 
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PROBLEM 15.229 

Solve Problem 15.227, assuming that at the instant shown the angular 
velocity CO i of the plate is 10 rad/s and is decreasing at the rate of 25 rad/s 2 , 
while the relative speed u of Point D of strap CD is 1.5 m/s and is decreasing 
at the rate of 3 m/s 2 . 

PROBLEM 15.227 The circular plate shown rotates about its vertical 
diameter at the constant rate <y : = 10 rad/s. Knowing that in the position 
shown the disk lies in the XY plane and Point D of strap CD moves upward at 
a constant relative speed u =1.5 m/s, determine (a) the velocity of D, (b) the 
acceleration of D. 


SOLUTION 

Geometry. r D/c = (0.2 m)(cos 30°i - sin 30°j) 

= (0.1^3 m)i - (0.1 m)j 

Let frame Cxyz, which at the instant shown coincides with CXYZ, rotate with angular velocity 
and angular acceleration 

O = co l j = (10 rad/s)j. 

SI = -(25 rad/s 2 )j. 

Motion of coinciding Point D' in the frame 

' 7 / — Six r D/c 

= lOj x (0.1 V3i + 0. lj) = -( V3 m/s)k 
a c - =-f2 2 (rcos30°)i + £2xr D/c 

= -10 2 (0. lV3)i - 25j x (0. lV3i + 0. lj) 

= -(10\/3 m/s 2 )i + (2.5V3 m/s 2 )k 

Motion of Point D relative to the frame. u =1.5 m/s u — —3 m/s 2 

\ DfF = u( sin 30°i + cos 30°j) 

= (0.75 m/s)i + (0.75^3 m/s)j 
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PROBLEM 15.229 (Continued) 

2 

a D/F = — •(— cos 30°i + sin 30° j) + u( sin 30°i + cos 30° j) 

P 

1 5 2 

= — (- cos 30°i + sin 30° j) - 3(sin 30°i + cos 30° j) 

= -(5.625^3 m/s 2 )i + (5.625 m/s 2 )j -(1.5 m/s 2 )i - (1.5V3 m/s 2 )j 

(a) Velocity of Point D. v D = \',y + \ D/F 

\ D = (0.75 m/s)i + (0.75^ m/s)j - (%/3 m/s)k 

y D = (0.750 m/s)i + (1.299 m/s)j- (1.732 m/s)k A 

Coriolis acceleration. 2£1 x v D/F 

m x y D/F = (2)(10j) x (0.75i + 0.75 ^3 j) 

= -(15 m/s 2 )k 

(b) Acceleration of Point D. a D - a iy + a D/F + 2 SI x y D/F 

a D =-(l0sj3 m/s 2 )i + (2.5V3 m/s 2 )k 
-(5.625^3 m/s 2 )i + (5.625 m/s 2 )j 
-(1.5 m/s 2 )i-(1.5\/3 m/s 2 )j-(15 m/s 2 )k 

a D =-(28.6m/s 2 )i + (3.03m/s 2 )j-(10.67 m/s 2 )k A 
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PROBLEM 15.230 


Solve Problem 15.226, assuming that at the instant shown the 
angular velocity co x of the pipe is 10 rad/s and is decreasing at the 
rate of 15 rad/s 2 , while the relative speed u of the ball bearing is 
2 ft/s and is increasing at the rate of 10 ft/s 2 . 

PROBLEM 15.226 The bent pipe shown rotates at the constant 
rate 0 ) ] — 10 rad/s. Knowing that a ball bearing D moves in 
portion BC of the pipe toward end C at a constant relative speed 
u — 2 ft/s, determine at the instant shown (a) the velocity of D. 
( b ) the acceleration of D. 
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PROBLEM 15.231 

Using the method of Section 15.14, solve Problem 15.192. 

PROBLEM 15.192 In the system shown, disk A is free to rotate 
about the horizontal rod OA. Assuming that shaft OC and disk B 
rotate with constant angular velocities 0) ] and co 2 , respectively, both 
counterclockwise, determine (a) the angular velocity of A, (b) the 
angular acceleration of disk A. 
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PROBLEM 15.231 (Continued) 


Coefficient of j: 

0 = Rco x — > co x = 0 



Coefficient of i: 

-Ra > 2 = ~Ro\ + rco \; 




10 

> z =-(a\-(o 2 ) 

r 



Eq. (3): 




CD = CQ\\ H— (ct\ — co 2 )k A 
r 

( b ) Disk A rotates about y axis at rate to,. 





(X = COj X (0 




= ^jx 

a>i +—(o\-o) 2 ) 

r 1 

k 

a = a\{a\ -co 2 )— j ◄ 

Y 



/ 


I 
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PROBLEM 15.232 


Using the method of Section 15.14, solve Problem 15.196. 

PROBLEM 15.196 A 3 -in.-radius disk spins at the constant rate 
CO2=4 rad/s about an axis held by a housing attached to a 
horizontal rod that rotates at the constant rate co x - 5 rad/s. 
Knowing that 9 = 30°, determine the acceleration of Point P on 
the rim of the disk. 
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PROBLEM 15.233 

Using the method of Section 15.14, solve Problem 15.198. 

PROBLEM 15.198 At the instant shown, the robotic arm ABC is 
being rotated simultaneously at the constant rate CO x =0.15 rad/s 
about the y axis, and at the constant rate (0 2 =0.25 rad/s about 
the z axis. Knowing that the length of arm ABC is 1 m, determine 
(a) the angular acceleration of the arm, (b) the velocity of Point C, 
(c) the acceleration of Point C. 


SOLUTION 


Geometry: Dimensions in meters. 

r aA = (1.0cos35°)i + (1.0sin35°)j = 0.81915i + 0.57358j 

Angular velocities'. COj = rnj = (0.15 rad/s)j (6) ] = 0) 


co 2 = Oh k = (0.15 rad/s )k (co 2 = 0) 

Use a frame of reference rotating about the v-axis. 

Its angular velocity is Q = a)J = (0.15 rad/s)j 

(a) Angular acceleration: 

a = d>J + <y 2 k + £lxia 2 
= 0 + 0 + (0.15 j)(0.25k) 

a = (0.0375 rad/s 2 )i 4 

Motion of coinciding Point C. 

\ c = Q x r aA = 0.15 j x (0.81915i + 0.5735 8j) 

= -(0.12287 m/s)k 

a C '=flx(flx r CIA ) = (0.15 j) x (-0.12287k) 

= -(0.018431 m/s 2 )i 

Motion of C relative to the frame. 

v ci f = 0) 2 kxi 'cia = 0.25k(0.81915i + 0.57358j) 

= -(0.14339 m/s)i + (0.20479 m/s)j 
a c/F =®|kx \ C/F = 0.25k x (-0.14339i + 0.20479j) 

= -(0.051198 m/s 2 )i - (0.035848 m/s 2 )j 
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PROBLEM 15.233 (Continued) 

0 b ) Velocity of C. v c~ v c' + v c/f 

v c - (0.143 m/s)i + (0.205 m/s)j- (0.123 m/s)k A 

Coriolis acceleration. 20 x y c/f 

20 x v CIF = (2)(0.15j) x (-0.143391 + 0.20479j) 

= (0.043017 m/s 2 )k 

(c) Acceleration of C. a c = a c - + a c/F + 20 x \ OF 

a c = -0.01843i - 0.051198i - 0.035848j + 0.043017k 

a c = - (0.0696 m/s 2 )i - (0.0358 m/s 2 )j + (0.0430 m/s 2 )k A 
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SOLUTION 


Geometry. 

r aA =(0.195 m)i — (0. l)j 

r c/B =(0.12 m)i 

Let frame Axyz, which coincides with the fixed frame AXYZ at the instant shown, be rotating about the y axis 
with constant angular velocity Q = <y, j = (3 rad/s)j. Then the motion relative to the frame consists of rotation 
about the axle B with a constant angular velocity to, = co, k = (5 rad/s)k. 

Motion of the coinciding Point C' in the frame. 

V = O x r aA 

= 3 j x (0.195i - 0.14 j) 

= -(0.585 m/s)k 
a c - = 12x v c < 

= 3jx (-0.585k) 

= -(1.755 m/s 2 )i 

Motion relative to the frame. 

\ C /f ~ ®2 X r c/B 

= 5kx0.12i 

= (0.6 m/s)j 

a C/F ~ X V C/F 

= 5kx(-0.6j) 

= -(3 m/s 2 )i 

Velocity of Point C. 

v c = \ c - + \ CIF v c = (0.600 m/s)j - (0.585 m/s)k 4 

Coriolis acceleration. 

2Q x y c/F = (2)(3j) x (0.6 j) = 0 

Acceleration of Point C. 

a c = a c' + a C/F + 2^ x V c/F 

a c = -1.755li-3i + 0 a c =-(4.76 m/s 2 )i A 
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SOLUTION 

Geometry. r DIA = (0.075 m)i - (0.26 m)j 

r D/B =-(0.12 m)j 

Let frame AXYZ, which coincides with the fixed frame AXYZ at the instant shown, be rotating about the y 
axis with constant angular velocity Q. — o\ j = (3 rad/s)j. Then the motion relative to the frame consists of 
rotation about the axle B with a constant angular velocity co 2 = <y,k = (5 rad/s)k. 

Motion of the coinciding Point D' in the frame. 

\ D ’ = Q x r D/A 

= 3 j x (0.075i - 0.26j) 

= -(0.225 m/s)k 
a# = Q x \ D , 

-3jx (-0.225k) 

= -(0.675 m/s 2 )i 

Motion relative to the frame. v D/F — C0 2 x r D/B 

= 5kx(-0.12j) 

= (0.6 m/s)i 

a DIF ~ ® 2 X V Clh 

= 5kx(0.6i) 

= (3 m/s 2 )j 

Velocity of Point D. \ D = \ D , + \ D/F \ D - (0.600 m/s)i - (0.225 m/s)k A 

Coriolis acceleration. 2Qxy d/f = (2)(3j)x(0.6i) = -(3.6 m/s 2 )k 

Acceleration of Point D. a D - a iy + a D/F + 2Q x \ D/F 

a D =-(0.675 m/s 2 )i + (3.00 m/s 2 )j-(3.60 m/s 2 )k A 
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PROBLEM 15.236 

The ami AB of length 16 ft is used to provide an elevated 
platform for constmction workers. In the position shown, 
arm AB is being raised at the constant rate dO/dt = 0.25 rad/s; 
simultaneously, the unit is being rotated about the Y axis at the 
constant rate C 0 \ = 0.15 rad/s. Knowing that 0 = 20°, determine 
the velocity and acceleration of Point B. 


SOLUTION 

Frame of reference. Let moving frame Axyz rotate about the Y axis with angular velocity 

= (0.15 rad/s) j. 

Geometry. 

r BIA =-16 cos 20°i +16 sin 20° j 
=-(15.035 ft)i +(5.4723 ft)j 
Place Point O on Y axis at same level as Point A. 

r BIO ~ r BIA + r AIO 

= r B/A +( 2 - 5 f t)i 
= -(12.535 ft)i + (5.4723 ft)j 

Motion of corresponding Point B 'in the frame. 

v B ’ = £2xr B/0 

= (0.15 j) x —(12.5351 + 5.4723J) 

= (1.8803 ft/s)k 

a B' = ^XV B ' 

= (0.15j)x (1.8803k) 

= (0.28204 ft/s 2 )i 
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PROBLEM 15.237 


The remote manipulator system (RMS) shown is used 
to deploy payloads from the cargo bay of space 
shuttles. At the instant shown, the whole RMS is 
rotating at the constant rate a> x = 0.03 rad/s about the 
axis AB. At the same time, portion BCD rotates as a 
rigid body at the constant rate co 2 = dfildt = 0.04 rad/s 
about an axis through B parallel to the X axis. Knowing 
that fi = 30°, determine (a) the angular acceleration of 
BCD, ( b ) the velocity of D, (c) the acceleration of D. 


SOLUTION 

At the instant given. Points A, B, C, and D lie in a plane which is parallel to the YZ plane. The plane ABCD is 
rotating with angular velocity. 

Q = <yj 

= (0.03 rad/s)j (6) x = 0) 

Body BCD is rotating about an axis through B parallel to the x-axis at angular velocity. 

to 2 =^i = (0.04 rad/s)i (d) 2 - 0) 

dt 

(a) Angular acceleration of BCD. 

a bcd = + SI x (o 2 

= 0 + 0 +(0.03 j)x(0.04i) 

a BCD ~ -(0.0012rad/s 2 )k 4 

Let the plane of BCD be a rotating frame of reference rotating about AB with angular velocity SI. 

Geometry. /i = 30° 

t d/b ~ (6.5 m)(sin /3j - cos /3 k) + (2.5 m)j = (5.75 m)j - (5.6292 m)k 
Motion of Point D' in the frame. 

\, y -Slxr D/B =0.03jx(3.25j-5.6292k) 

= -(0.168875 m/s)i 
a fl -=fix v iy = (0.03 j) x (-0.1688751) 

= (0.0050662 m/s 2 )k 
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PROBLEM 15.237 (Continued) 

Motion of D relative to the frame: This motion is a rotation about B with angular velocity. 

co 2 = (0.04 rad/s)i 

V Z)/frame = ro 2 X V DIB 

= (0.04i)x (5.75j - 5.6292k) 

= (0.22517 m/s)j + (0.23 m/s)k 

a n/frame = ®2 X r D/frame 

= (0.04i) x (0.22517j + 0.23k) 

= -(0.0092 m/s 2 )j +(0.009007 m/s 2 )k 

(b) Velocity of D. \ D = \ D ' + Vffframe 

\ D = -(0.169 m/s)i + (0.225 m/s)j + (0.230 m/s)k A 

Coriolis acceleration: 2SI x v D/frame 

2£l x v D/frame = (2)(0.03 j) x (0.22517j + 0.23k) 

= (0.0138 m/s 2 )i 

(c) Acceleration ofD. a D = a D ' + a D/frame + 2Q x v D/frame 

a D =(0.0138 m/s 2 )i-(0.0092 m/s 2 )j +(0.0141 m/s 2 )k ◄ 
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SOLUTION 



Q = co, 

= (0.6 rad/s)j 

®D/F = ®2 

= -(0.45 rad/s)k 

ft) = G), + © 2 

= (0.6 rad/s)j - (0.45 rad/s)k 

(a) Angular acceleration of CD. 

oc = Qxgo 

= (0.6 rad/s)jx[(0.6 rad/s) j - (0.45 rad/s)k] 

a = -(0.27 rad/s 2 )i ◄ 

For P - 120°: r D/c = (400 mm) sin 30°i + (400 mm) cos 30°j 

= (200 mm)i + (346.41 mm)j 
r dib ~ (500 mm)i + r D/c 

= (700 mm)i + (346.41 mm)j 
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PROBLEM 15.238 (Continued) 

(i b ) Velocity of D. \ D = \ D - + \ D/F 

\ D = Q,xr D/B 

= (0.6 rad/s)jx[(700 mm)i + (346.41 mm)j] 

= -(420 mm/s)k 

y DIF ~ a DIF Xr D/C 

= -(0.45 rad/s)k x [(200 mm)i + (346.41 mm)j] 

= -(90 mm/s)j +(155.88 mm/s)i 

\ D = y i/ + v DIF '■ v D = (156 mm/s)i - (90 mm/s)j - (420 mm/s)k 4 

(c) Acceleration of D. a D = a D - + a DIF + a c 

a D . =ax(Qxr Z)/B ) 

= nxv tf 

= (0.6 rad/s)jx(-420 mm/s)k 
= -(252 mm/s 2 )i 

a DIF ~ 10 DIF X (®fl/F Xr D/c) 

= 10 DIF X y DIF 

= -(0.45 rad/s)k x [-(90)j + (155.88)i] 

= -(40.5 mm/s 2 )i-(70.148 mm/s 2 )j 

a c = x y d/f 

= 2(0.6 rad/s) j x [—(90)j + (155.88)i] 

= -(187.06 mm/s 2 )k 

a D ~ a D' + a D/F + a c 

= -(252 mm/s 2 )i - (40.5 mm/s 2 )i 
-(70.148 mm/s 2 )j - (187.06 mm/s 2 )k 

a D =-(293 mm/s 2 )i - (70.1 mm/s 2 )j-(187 mm/s 2 )k A 
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PROBLEM 15.239 


The crane shown rotates at the constant rate 0 ) ] = 0.25 rad/s; 
simultaneously, the telescoping boom is being lowered at the 
constant rate co 2 = 0.40 rad/s. Knowing that at the instant 
shown the length of the boom is 20 ft and is increasing at 
the constant rate u= 1.5 ft/s, determine the velocity and 
acceleration of Point B. 


X 

SOLUTION 

Geometry. r B/A = r B 

= (20 ft)(sin 30°j + cos 30°k) 

= (10ft)j + (10V3 ft)k 

Method 1 

Let the unextending portion of the boom AB be a rotating frame of reference. 

Its angular velocity is Q = co 2 i + <y, j 

= (0.40 rad/s)i + (0.25 rad/s)j. 

Its angular acceleration is a = 0 )J x 0 ) 2 \ 

= -<y!<y 2 k 
= -(0.10 rad/s 2 )k. 

Motion of the coinciding Point B' in the frame. 

\ B - = Q,xr B 

= (0.40i + 0.25 j) x (10 j +10 V3k) 

= (2.5V3 ft/s)i - (4%/3 ft/s)j + (4 ft/s)k 
a B - -axr B + Ox v B - 

i j k i j k 

= 0 0 -0.10 + 0.40 0.25 0 

0 10 10V3 2.5^3 - 4 J 3 4 

i + i — 1.6j — 3.8538k = (2 ft/s 2 )i - (1.6 ft/s 2 )j - (3.8538 ft/s 2 )k 
Motion relative to the frame. v B/F = u( sin 30°j + cos 30°k) 

= (1.5 ft/s)sin 30°j + (1.5 ft/s)cos30°k 

a BIF ~ 0 
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PROBLEM 15.239 (Continued) 


Velocity of Point B. 


Coriolis acceleration. 


Acceleration of Point B. 


Method 2 


\ B — 2.5 V3i - 4%/3j + 4k +1.5 sin 30° j + 1.5 cos 30°k 

\ B =(4.33 ft/s)i — (6.18 ft/s)j + (5.30 ft/s)k A 

2 Slx\ B/F 

2£l x v B/F = (2)(0.40i + 0.25 j) x (1.5 sin 30°j +1.5 cos 30°k) 

= (0.64952 ft/s 2 )i - (1.03923 ft/s 2 )j + (0.6 ft/s 2 )k 

a B ~ a B' + a B/F + 2^ X V B/F 

a B =(2 + 0.64952)i - (1.6 + 1.03923J) + (-3.8538 + 0.6)k 

a B = (2.65 ft/s 2 )i - (2.64 ft/s 2 )j - (3.25 ft/s 2 )k ◄ 


Let frame Axyz, which at the instant shown coincides with AXYZ, rotate with an angular velocity 
Q j = oj u \ = (0.25 rad/s)j. Then the motion relative to this frame consists of turning the boom 
relative to the cab and extending the boom. 

Motion of the coinciding Point B' in the frame. 

= Qxr B 

= 0.25jx(10j + 10V3k) 

= (2.5\j3 m/s)i 
a B - -Slx\ B - 

= 0.25jx(2.5V3i) 

= -(0.625V3 m/s 2 )k 

Motion of Point B relative to the frame. 

Let the unextending portion of the boom be a rotating frame with constant angular velocity 
ft 2 = <y 2 i = (0.40 rad/s)i. The motion relative to this frame is the extensional motion with speed u. 

\ B - = Q 2 xr B 

= 0.40ix(10j + 10V3k) 

= -(4-^3 ft/s)j + (4 ft/s)k 

a B' ~ ^2 X Y B’ 

= 0.40i x (-4^3 j + 4k) 

= -(1.6 ft/s 2 )j- (1.6^3 ft/s 2 )k 
^ 5 /boom = “(sin 30°j + cos 30°k) 

= (1.5 ft/s)sin30°j + (1.5 ft/s)cos30°k 

^B/boom — ® 
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PROBLEM 15.239 (Continued) 


20, x v H/boom = (2)(0.40i)x(1.5sin30 0 j + 1.5cos30 0 k) 

= -(1.03923 ft/s 2 )j + (0.6 ft/s 2 )k 

V BIF ~ y B" + V B/boom 

= -4 73j + 4k + 1.5 sin 30° j + 1.5 cos 30°k 
= -(6.1782 ft/s)j + (5.299 ft/s)k 

a BIF ~ a B’ + a B/boom + 20, X \ B/boom 

= -1.6J-1.673k + 0 -1.03923j + 0.6k 
= -(2.6392 ft/s 2 )j - (2.1713 ft/s 2 )k 

Velocity of Point B. 

= v# + v B/F 

y B = 2.573i - 6.1782j + 5.299k 


v B =(4.33 ft/s)i-(6.18 ft/s)j + (5.30 ft/s)k A 

Coriolis acceleration. 

20 1 x \ B/F 

2Qj x \ B/F = (2)(0.25 j) x (—6.1782j + 5.299k) 

= (2.6495 ft/s 2 )i 

Acceleration of Point B. 

a B ~ a B' + a BIF + 20 1 X V B/F 

a B = -0.62573k - 2.6392j - 2.1713k + 2.6495i 


a B = (2.65 ft/s 2 )i - (2.64 ft/s 2 )j - (3.25 ft/s 2 )k ◄ 
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PROBLEM 15.241 

The vertical plate shown is welded to arm EFG, and the entire unit rotates at 
the constant rate co x =1.6 rad/s about the Y axis. At the same time, a 
continuous link belt moves around the perimeter of the plate at a constant 
speed u =4.5 in./s. For the position shown, determine the acceleration of 
the link of the belt located (a) at Point C, ( b ) at Point D. 


SOLUTION 


Let the moving frame of reference be the unit, less the pulleys and belt. It rotates about the Y axis with 
constant angular velocity Q = = (1.6 rad/s)j. The relative motion is that of the pulleys and belt with speed 

u = 90 mm/s. 


(a) Acceleration at Point C. 

r c =-(5 in.)i + (4 in.)j 

V=Qxr A 

= 1 - 6j x (—5i + 4j) 

= (8 in./s)k 

a c - = Q x y A , 

= 1.6jx8k 

= (12.8 in./s 2 )i 

\ C/F = — nk = -(4.5 in./s)k 

f 25 

u 

a C/F ~ —— J 

\p) 

f 4 -5 2 1 • 

= 1" J 

V J 

= (6.75 in./s 2 )j 

2Slx\ c/F = (2)(1.6j)x(-4.5k) 

= -(14.4 in./s 2 )i 
a c = a C' + a C/F + 20 x \ C/F 

= 12.8i + 6.75j-14.4i 


VP) 

f 4.5 2 1 


a c =-(1.600 in./s 2 )i +(6.75 in./s 2 )j -4 
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PROBLEM 15.241 (Continued) 

(i b ) Acceleration at Point D. 

r D = -(5 in.)i + (10 in.)j - (3 in.)k 
V =£2xr s 

= 1.6j x (-5i + lOj - 3k) 

= -(4.8 in./s)i + (8 in./s)k 

a D ' = O x \ B - 

= 1.6jx(-4.8i + 8k) 

= (12.8 in./s 2 )i + (7.68 in./s 2 )k 
y D/F = «j = ( 4 -5 in./s)j 

a DIF ~ 0 

20 x \ D/F = (2)(1.6) x (—4.5j) = 0 

a D ~ a D' + a D/F + 20 X \ D/p 

- 12.8i + 7.68k + 0 + 0 a D = (12.80 in./s 2 )i + (7.68 in./s 2 )k ◄ 
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PROBLEM 15.242 

A disk of 180-mm radius rotates at the constant rate a >2 —12 
rad/s with respect to arm CD, which itself rotates at the 
constant rate <y : =8 rad/s about the Y axis. Determine at 
the instant shown the velocity and acceleration of Point A on 
the rim of the disk. 


SOLUTION 

Geometry. v m = (0.15 m)i + (0.18 m)j- (0.36 m)k 

*aic = (0.18 m)j 

Let frame Dxyz, which coincides with the fixed frame DXYZ at the instant shown, be rotating about the y axis 
with constant angular velocity Q = ojj = (8rad/s)j. Then the motion relative to the frame consists of a rotation 
of the disk AB about the bent axle CD with constant angular velocity 00 2 = CO-M. = (12 rad/s)k. 

Motion of the coinciding Point A' in the frame. 

y A’ ~ ^ Xr A/D 

= 8 j x (0.15i + 0.18 j - 0.36k) 

= -(2.88 m/s)i - (1.2 m/s)k 

a a'=^xv a , 

= 8jx(-2.88i-1.2k) 

= -(9.6 m/s 2 )i + (23.04 m/s 2 )k 

Motion of Point A relative to the frame. 

y AlF ~ (0 2 Xr AID 

= 12kx0.18j 
= -(2.16 m/s)i 

a A/F - w 2 X y A/F 

= 12kx(-2.16i) 

= -(25.92 m/s 2 )j 

Velocity of Point A. \ A - \ A > + y^p 

\ A =-2.88i-1.2k-2.16i 

v A =-(5.04 m/s)i-(1.200 m/s)k A 
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PROBLEM 15.242 (Continued) 

Coriolis acceleration. 

2 £l x \ A/F 


2flxv^ =(2)(8j)x (—2.16i) 


= (34.56 m/s 2 )k 

Acceleration of Point A. 

a A ~ a A' + a A/F + 20 X y^f 


a A = —9.6i + 23.04k - 25.92j + 34.56k 


a A - -(9.60 m/s 2 )i-(25.9 m/s 2 )j + (57.6 m/s 2 )k A 
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PROBLEM 15.243 


A disk of 180-mm radius rotates at the constant rate 0) 2 = 12 
rad/s with respect to arm CD, which itself rotates at the 
constant rate (O x — 8 rad/s about the Y axis. Determine at 
the instant shown the velocity and acceleration of Point B on 
the rim of the disk. 


SOLUTION 

Geometry. r BID = (0.15 m)i - (0.18 m)j - (0.36 m)k 

r Bic = “(0.18 m)j 

Let frame Dxyz, which coincides with the fixed frame DXYZ at the instant shown, be rotating about the Y axis 
with constant angular velocity Q = a\\ — (8 rad/s)j. Then the motion relative to the frame consists of a 
rotation of the disk AB about the bent axle CD with constant angular velocity co 2 = co 2 k = (12 rad/s)k. 

Motion of the coinciding Point B' in the frame. 

\ B - — Q x r B/D 

= 8 j x (0.15i - 0.18 j - 0.36k) 

= -(2.88 m/s)i — (1.2 m/s)k 
= Qx v B < 

= 8j x (—2.88i -1,2k) 

= -(9.6 m/s 2 )i + (23.04 m/s 2 )k 

Motion of Point B relative to the frame. 

y BIF ~ m 2 X r B/D 

= 12kx(-0.18j) 

= (2.16 m/s)i 

a B/F ~ X y B/F 

= 12kx2.16i 
= (25.92 m/s 2 )j 

Velocity of Point B. \ B - v B - + v BIF 

\ B =-2.88i-1.2k + 2.16i 

\ B - -(0.720 m/s)i -(1.200 m/s)k A 
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PROBLEM 15.243 (Continued) 

Coriolis acceleration. 

20 x v ftp 


2Qxv JW? =(2)(8j)x(2.16i) 


= -(34.56)k 

Acceleration of Point B. 

a B ~ a B' + a BIF + 20 X \ B/F 

a B = —9.6i + 23.04k + 25.92j - 34.56k 


a B =-(9.60 m/s 2 )i +(25.9 m/s 2 )j- (11.52 m/s 2 )k A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1360 





PROBLEM 15.244 

A square plate of side 2 r is welded to a vertical shaft which 
rotates with a constant angular velocity to,. At the same time, 
rod AB of length r rotates about the center of the plate with a 
constant angular velocity to 2 with respect to the plate. For the 
position of the plate shown, determine the acceleration of end B 
of the rod if (a) 6 = 0, (b) 6 = 90°, (c) <9 = 180°. 


SOLUTION 

Use a frame of reference moving with the plate. 

Its angular velocity is SI - (O x j (Q = 0) 

Geometry : r m = r(sin 30°j - cos 30°k) 

r BIO ~ r AIO + r B/A 

Acceleration of coinciding Point B' in the frame. 

a B ' = flx(fix r B/0 ) 

Motion relative to the frame. (Rotation about A with angular velocity co 2 ). 



to 2 = <y 2 (cos30°j + sin30°k) (d) 2 - 0) 

y BIF ~ W 2 Xr B/A 

a B/F ~ ®>2 X Y B/F ~ ~ C0 2 r BIA 

Coriolis acceleration: 

20 X V B /F 

Acceleration ofB. 

a B = a B’ + a BIF + 20 X 

o 

II 

r B/A = r(-sin30 o j + cos30°k) 

t bio ~ 0 

a B’ ~ 0 

V B IF ~ rC °A 

a B/F = -co\ r B/A = rag (sin 30°j - cos 30°k) 

2 Q x \ B/F = 2(<w 1 j) x (m> 2 i) = -2ra> x (0 2 k 

a B ~ a B' + a BIF + a C 


= 0 + rco 2 (sin 30° j - cos 30°k) - 2r<y 1 <w 2 k 

a B = r<y 2 sin30°j-(r<y 2 cos30° + 2r<y 1 <y 2 )k 4 
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PROBLEM 15.245 


A 



Two disks, each of 130-mm radius, are welded to the 500-mm 
rod CD. The rod-and-disks unit rotates at the constant rate 
(02-3 rad/s with respect to arm AB. Knowing that at the instant 
shown a> l — 4 rad/s, determine the velocity and acceleration of 
(a) Point E, ( b ) Point F. 


SOLUTION 


Let the frame of reference BXYZ be rotating about the Y axis with angular velocity fi = 0 )f\ = (4 rad/s)j. 

The motion relative to this frame is a rotation about the X axis with angular velocity co x i = (3 rad/s)i. 

(a) Point E. 

r m = (0-25 m )i + (0.13 m)j 


r -rid = (0.13 m)j 

Motion of Point E' in the frame. 


v e' -Ox r E/B 


= 4jx(0.25i + 0.13j) 


= -(1 m/s)k 


a £ - =flx \ E . 


= 4jx(-k) 


= -(4 m/s 2 )i 

Motion of Point E relative to the frame. 


V £/£ “ a> A Xr E/D 


= 3ix0.13j 


= (0.39 m/s)k 


a EIF ~ X V £/£ 


= 3ix (0.39k) 


= -(1.17 m/s 2 )j 

Coriolis acceleration. 

a c = 20 x y e/f 


a t , = (2)(4j) x (0.39k) = (3.12 m/s 2 )i 

Velocity of Point E. 

y E= y E' + y E/F 


\ E - -k + 0.39k = 0.6lk \ E - (0.610 m/s)k A 

Acceleration of Point E. 

a £ - a £' + a £/£ + a c 


a E =-4i-1.17j + 3.12i a E - -(0.880 m/s 2 )i + (1.170 m/s 2 )j A 
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PROBLEM 15.245 (Continued) 

(b) Point F. 

r F/B = (0.25 m)i + (0.13 m)k 
t f/d = (0.13 m)k 

Motion of Point F' in the frame. 

V — - - X ^ /- //y 

= 4jx(0.25i + 0.13k) 

= (0.52 m/s)i - (1 m/s)k 
a f '=Qx v F , 

= (4j)x(0.52i -k) 

= -(4m/s 2 )i-(2.08 m/s 2 )k 

Motion of Point F relative to the frame. 


Vp/F ~ X r F/D 

= 3ix (0.13k) 

= -(0.39 m/s)j 

a F/F ~ X y FIF 

= 3ix(-0.39j) 

= -(1.17 m/s 2 )k 

Coriolis acceleration. 

a c — 20 x yp]p 

a e = (2)(4j) x (-0.39 j) = 0 

Velocity of Point F. 

\ F = Vp' + \p /F 

y F =0.52i-k-0.39j 


\ F - (0.520 m/s)i- (0.390 m/s)j - (1.000 m/s)k A 

Acceleration of Point F. 

a F ~ a F' + a F/F + a c 

a F =-4i-2.08k-1.17k+ 0 


a F - -(4.00m/s 2 )i-(3.25 m/s 2 )k A 
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PROBLEM 15.246 


aA 

G 



In Problem 15.245, determine the velocity and acceleration of 
(a) Point G, ( b ) Point H. 

PROBLEM 15.245 Two disks, each of 130-mm radius, are 
welded to the 500-mm rod CD. The rod-and-disks unit rotates at 
the constant rate (02—3 rad/s with respect to arm AB. Knowing 
that at the instant shown (O x - 4 rad/s, determine the velocity and 
acceleration of (a) Point E, (b) Point F. 


SOLUTION 


Let the frame of reference BXYZ be rotating about the Y axis with angular velocity £2 = o 2 j = (4 rad/s)j . 

The motion relative to this frame is a rotation about the X axis with angular velocity ( 0 r i = (3 rad/s)i. 

(a) Point G. 

r G/s = -(0.25 m)i + (0.13 m)j 


r G/c =(0.13 m)j 

Motion of Point G' in 

the frame. 


V — Ox r G/B 


= 4 j x (-0.25i + 0.13j) 


= (1 m/s)k 


a G - = £2 x \ G - 


= 4jxk 


= (4 m/s 2 )i 

Motion of Point G relative to the frame. 


y GIF “ X r G/C 


= 3ix0.13j 


= (0.39 m/s)k 


a G/F “ <»J X y GIF 


= 3ix (0.39k) 


= -(1.17 m/s 2 )j 

Coriolis acceleration. 

a c = 2£2 x \ G/F 


a c = (2)(4j)x (0.39k) 


= (3.12 m/s 2 )i 

Velocity of Point G. 

+ 

ii 


v G = k + 0.39k v G =(1.390 m/s)k ◄ 
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PROBLEM 15.246 (Continued) 

Acceleration of Point G. 

a G = a G' + a G/F + a c 


a G =4i-1.17j + 3.12i a G = (7.12 m/s 2 )i - (1.170 m/s 2 )j ◄ 

( b) Point H. 

r HIB = -(0.25 m)i + (0.13 m)k 

v hic = (°- < 3 m)k 

Motion of Point H' in the frame. 

v H ' =Qx r H/B 

= 4jx(-0.25i + 0.13k) 

= (0.52 m/s)i + (1 m/s)k 

3l H ' 

= 4jx(0.52i + k) 

= (4 m/s 2 )i -(2.08 m/s 2 )k 

Motion of Point H relative to the frame. 


y H/F ~ a> A Xr H/C 

= 3ix (0.13k) 

= -(0.39 m/s)j 

a HIF ~ (P i X y H/F 

= 3ix(-0.39j) 

= -(1.17 m/s 2 )k 

Coriolis acceleration. 

a c = 2£2 x \ H/F 

a c = (2)(4j) x (0.39 j) = 0 

Velocity of Point H. 

y H ~ y H ,+ y H/F 

\ H =0.52i + k-0.39j 


\ H - (0.520 m/s)i - (0.390 m/s)j+ (1.000 m/s)k A 

Acceleration of Point H. 

a H ~ a H' + a H/F + a c 


a H =4i-2.08k-1.17k+ 0 a H = (4.00 m/s 2 )i - (3.25 m/s 2 )k ◄ 
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PROBLEM 15.247 

The position of the stylus tip A is controlled by the robot 
shown. In the position shown the stylus moves at a constant 
speed it = 180 mm/s relative to the solenoid BC. At the same 
time, arm CD rotates at the constant rate co 2 =1.6 rad/s with 
respect to component DEG. Knowing that the entire robot 
rotates about the X axis at the constant rate <y, =1.2 rad/s, 
determine (a) the velocity of A, (b) the acceleration of A. 


SOLUTION 

Geometry: r D/G = - (500 mm)i + (300 mm) j + (600 mm)k 

r A/D - - (250 mm)i + (600 mm)k 

r Aic ~ v a/d + t d/g ~ ~ (750 mm)i + (300 mm) j + (600 mm)k 

Angular velocities: = (O x i = (1.2 rad/s)i (<w, = 0) 

co 2 = <y 2 j = (1.6 rad/s )j (<y 2 =0) 

Stylus motion: u = —ui = -(180 mm/s)i (it -0) 

Method 1 

Let the rigid body BCD be a rotating frame of reference. 

Its angular velocity is v) CD = C9j + to 2 = (1.2 rad/s)i + (1.6 rad/s)j 

Its angular acceleration is a CD =( 0 1 xco CD = (1.2 rad/s)ix[(1.2 rad/s)i +(1.6 rad/s)j] 

= (1.92 rad/s 2 )k 

Motion of the coinciding Point A' in the frame. 

V = v D + v a7d 

V = W 1 X r DIG + (®1 + W 2 ) X r AID 

= (1.2 rad/s)ix[-(500 mm)i + (300 mm)j] 

+ [(1.2 rad/s)i + (1.6 rad/s) j] x [- (250 mm)i + (600 mm)k] 

= (360 mm/s)k - (720 mm/s)j + (400 mm/s)k + (960 mm/s)i 
v A > - (960 mm/s)i - (720 mm/s)j + (760 mm/s)k 
a d ~ x ( w i x t dig ) 

= (1.2 rad/s )i x {(1.2 rad/s)i x [- (500 mm)i + (300 mm) j]} 

= -(432 mm/s 2 )j 

a A'ID ~ a CD X r A/D +( > ) CD X ( ( ’ ) CD X r AID ) 

= (1.92 rad/s 2 )k x [- (250 mm)i + (600 mm)k] 

+ to CD x{ [(1.2 rad/s)i + (1.6 rad/s)j]x[-(250 mm)i + (600 mm)k]} 
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PROBLEM 15.247 (Continued) 


a A ' ID = -(480 mm/s")j + co CD x[-(720 mm/s)j + (400 mm/s)k + (960 mm/s)i 

i j k 

= -480j + 1.2 1.6 0 

960 -720 400 

= -480j + 640i - 480j - 864k - 1536k 
a A '/ D = (640 mm/s 2 )i -(960 mm/s 2 )j - (2400 mm/s 2 )k 

a A' ~ a D + a A'/D 

a A ' = (640 mm/s 2 )i - (1392 mm/s 2 )j - (2400 mm/s 2 )k 


Motion of Point A relative to the frame. 

\ A/F - u = - (180 mm/s)i 


a AIF 


(a) Velocity of A. 


V A = V A' + ^A/F 

v A = (960 mm/s)i - (720 mm/s)j + (760 mm/s)k - (180 mm/s)i 

v A = (0.78 m/s)i - (0.72 m/s)j + (0.76 m/s)k A 


Coriolis acceleration: a c = 2(0 CO x \ A/F 

a c = 2[(1.2 rad/s)i + (1.6 rad/s)j]x(-180 mm/s)i 
= +(576 mm/s 2 )k 

(b) Acceleration of A. a A = a A - + a A/F + a r 

a A = (640 mm/s 2 )i - (1392 mm/s 2 )j - (2400 mm/s 2 )k + (576 mm/s 2 )k 

a A = (0.64 m/s 2 )i-(1.392 m/s 2 )j-(1.824 m/s 2 )k A 


Method 2 

Use a frame of reference rotating about the + axis with angular velocity. 

tOj = cof = (1.2 rad/s)i (rh, = 0) 

Motion of coinciding Point A' in the frame. 

v A < =co 1 xr A/G = (1.2 rad/s)ix[-(500 mm)i + (300 mm)j +(600 mm)k] 
= (360 mm/s)k - (720 mm/s)j 
a A - = <y 1 x(co 1 xr A/G ) = c9 1 xv A ' 

= (1.2 rad/s)ix[(360 mm/s)k - (720 mm/s)j] 

= -(432 mm/s 2 )j - (864 mm/s 2 )k 
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PROBLEM 15.247 (Continued) 

Motion of Point A relative to the frame. 

y A/F ~ (0 2 X r A/D + U 

= (1.6 rad/s) j x [- (250 mm)i + (600 mm)k] - (180 mm/s)i 
= (400 mm/s)k + (960 mm/s)i - (180 mm/s)i 

a A/F : (Since A moves on CD , which rotates at rate co 2 , we have a Coriolis term here). 

* a/f =io 2 x((o 2 xr A / 0 ) + 2co 2 xu 

= co 2 x {(1.6 rad/s)j x [- (250 mm)i + (600 mm)k]} + 2w 2 x u 
= (1.6 rad/s)jx[(400 mm/s)k + (960 mm/s)i] + 2(1.6 rad/s)jx(-180 mm)i 
= (640 mm/s 2 )i - (1536 mm/s 2 )k + (576 mm/s 2 )k 
= (640 mm/s 2 )i - (960 mm/s 2 )k 

(a) Velocity of A. v A = v A - + v A/F 

v A = 360k - 720j + 400k + 960i -180i 

v A = (0.78 m/s)i - (0.72 m/s)j + (0.76 m/s)k A 

Coriolis acceleration: a c = 2t0j x v A/F 

a c =2(1.2 rad/s)ix[(400 mm)k + (780 mm/s)i] 

= -(960 mm/s 2 )j 

( b ) Acceleration of A. a A = a A - + a A/F + a f 

a A = -432j - 864k + 640i - 960k - 960j 

a A = (0.64 m/s 2 )i-(1.392 m/s 2 )j-(1.824 m/s 2 )k A 
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PROBLEM 15.248 


The angular acceleration of the 600-mm-radius circular plate shown is 
defined by the relation a = a {] e Knowing that the plate is at rest 
when t-0 and that C/. {] =10 rad/s 2 , determine the magnitude of the 
total acceleration of Point B when (a) t-0, (b) t - 0.5 s, (c) t = °°. 


SOLUTION 


(a) t-0: 


( b ) t- 0.5 s: 


(c) t = °°: 


dco r® . r' , 

a = — = a n e ; dco- a n e dt 
dt Jo Jo 0 

co-a 0 l-e“'lo co = a 0 ( \-e~') 

a t = ra = ra Q e~' = (0.6 m)(10 rad/s 2 )e~' = 6e~' 

a n — rco 1 = roCgd —e~') 2 = (0.6)(10) 2 (1 - e~')" -60(l-e~') 2 

a r = 6e° = 6 m/s 2 
a n = 60(1 - e 0 ) 2 =0 

a 2 B = a 2 + a 2 -6 2 a B — 6.00 m/s 2 A 

a, = 6e^ 5 = 6(0.6065) = 3.639 m/s 2 
a n — 60(1 - e~ 0 ' 5 ) 2 
= 60(1 — 0.6065) 2 
= 9.289 m/s 2 

a 2 B = a 2 + a 2 = (3.639) 2 + (9.289) 2 a B = 9.98 m/s 2 ◄ 

a t - 6e~°° - 0 

a n =60(l-e _ °°) 2 =60 m/s" 

a B - a 2 + a 2 n = 0 + 60 2 a B - 60.0 m/s 2 4 
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PROBLEM 15.249 

Cylinder A is moving downward with a velocity of 9 ft/s when the brake is 
suddenly applied to the drum. Knowing that the cylinder moves 18 ft 
downward before coming to rest and assuming uniformly accelerated motion, 
determine (a) the angular acceleration of the drum, (b) the time required for 
the cylinder to come to rest. 
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PROBLEM 15.250 

A baseball pitching machine is designed to deliver a baseball with 
a ball speed of 70 mph and a ball rotation of 300 rpm clockwise. 
Knowing that there is no slipping between the wheels and the 
baseball during the ball launch, determine the angular velocities of 
wheels A and B. 


SOLUTION 


Let Point G be the center of the ball, A its contact point with wheel A, and B its contact point with wheel B. 


Given: 


"7O— 

V h 


lh 


3600 s 


"5280 ft 
v mi 


6>ball= ( 30 ° r P m ) 


" 2 n rad ^ 

( lmhO 

l rev J 

60s J 


= 102.667 ft/s = 1232 in./s 


= 10;r rad/s 


v c = 1232 in./s - 


“bail =10;r rad/s ) 


Unit vectors: 
Relative positions: 


i=l—, j = it k = 0 
1 
2 

1 

2 


r A/c =-(-3j) = -(L5 in.) j 

r B/c = x( 3 J) = ^- 5 in -)j 


Velocities at A and B. 


Angular velocity of A. 


Angular velocity ofB. 


y A = v c + “bail xr Aic = 1232i + (—10/rk) x (1.5 j) 

= (1232 + 47.12)i = 1279.12 in./s — 

\ B = v c +(o ball xr s/G = 12321 + (-10/rk) x (1.5/rj) 
= (1232 - 47.12)i = 1184.88 in./s — 


co, = — = - 


1184.88 


= 169.27 rad/s 


co A = 1616 rpm > A 


a> B - — - 12?9 ' 12 = 182.73 rad/s ^ 

r B 7 

(a B -1745 rpm ' A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1372 






PROBLEM 15.251 

Knowing that inner gear A is stationary and outer gear C starts from 
rest and has a constant angular acceleration of 4 rad/s 2 clockwise, 
determine at t — 5 s (a) the angular velocity of arm AB, (b) the angular 
velocity of gear B, (c) the acceleration of the point on gear B that is in 
contact with gear A. 


SOLUTION 


Angular velocity of gear C at t — 5 s. 

co c = a c t = (4 rad/s 2 )(5 s) = 20 rad/s to c = 20 rad/s J) 

Let Point 1 be the contact point between gears A and B. Let Point 2 be the contact point between gears B and C. 
Points A, B, and C are the centers, respectively, of gears A, B, and C. 

Positions: Take x axis along the straight line A1 B2. 

x A =x c =0 
x l = r A = 80 mm 

x B = (80 mm + 40 mm) = 120 mm 
x 2 = 120 mm + 80 mm = 200 mm 

Velocity at 1. Since gear A is stationary, v l = 0. 


Velocity at 2. v 2 ~ x 2 m c ~ (200)(20) 
v 2 = 4000 mm/s j 

Point 1 is the instantaneous center of gear B. 


v 2 = (x 2 - x^cOg = (120 mm )co B 




4000 


= 33.333 rad/s 


120 120 

: (x B - xf)CO B = (40 mm)(33.333 rad/s) = 1333.33 mm/s 


0) 


'AB 


1333.33 

120 


= 11.111 rad/s 


(a) Angular velocity of arm AB: 

( b ) Angular velocity of gear B : 


b) AB = 11.11 rad/s j) 4 
( 0 B =33.3 rad/s ) A 
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PROBLEM 15.251 (Continued) 


Calculate tangential accelerations: 

(fli), =0 


(a 2 ) t = (a c ), = r c a 2 = (200 mm)(4 rad/s 2 ) 
(a 2 ) t =800 mm/s 2 ; 

( a 2 ), = (x 2 - x, )a B = (120 mm )a B 
= = 800 = 6 66? rad/s 2 
B 120 120 

(a B ) t = (x B - x 1 )a B = (40 mm)(6.667 rad/s 2 ) 
= 266.67 mm/s 2 

(a B ) t _ 266.67 


a 


AB 


120 


■ = 2.2222 rad/s*' 


Angular accelerations: 
Acceleration of Point B. 


a AB = 2.2222 rad/s 2 _) a B - 6.667 rad/s J 


a B — , ] + \(o ab x b ] 

= [(2.2222)(120) | ] + [(11.11) 2 (120) — ] 

= (266.67 mm/s 2 ) {+ (14815 mm/s 2 ) -*— 

(c) Acceleration of Point 1 on gear B. 

a i — (x^ — Xj) | ] + [ry^ ( x B — Xj) *- ] 

= [266.671] + [14815 — ] + [(6.667)(40) | ] + [(33.333) 2 (40) - 
= [266.67 , ] + [14815 — ] + [266.671 ] + [44444 — ] 


= 29629 mm/s —► 

Note that the tangential component of acceleration is zero as expected. 


a t = 29.6 m/s' 
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SOLUTION 



A 

Velocity Analysis 

(o AB = 10 rad/s f 




V B ~ ( AB)g) ab 


S 


= (0.200X10) 

M 



= 2 m/s 

r\ v 




ii 

b? 

i 

t 

—i 

’’“i 1 

C 


•> 

ii 



Locate the instantaneous center (Point C) of bar BD by noting that velocity directions at Points B and D are 

known. Draw BC perpendicular to 

\ B and DC perpendicular to \ D . 




(0 Rn = —— = —= 8 rad/s 

BC 0.25 

( 0 BD = 8.00 rad/s ^ 


v D = ( CE)co bd = (0.6)(8) = 4.8 m/s 

\ D =4.8 m/s. 


Vn 4.8 -. ,. 

co nF = -V- = — - 24 rad/s 

DE DE 0.2 

( 0 DE = 24 rad/s ) 

Acceleration Analysis : 

a AB = 2 rad/s 2 ), co AB = 10 rad/s ) 



Unit vectors: 

ry 

ii 

ii 

j 

ii 




a B ~ a A + a AB Xr BM a, AB r BIA 




= 0 + (2k) x (— 0.2)j - (10) 2 (— 0.2j) 

= (0.4m/s 2 )i + (20 m/s 2 )j 
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PROBLEM 15.252 (Continued) 


a D ~ a B + a BD Xr DIB ~ ^BD^DtB 

= 0.4i + 20j + a BD k x (-0.6i - 0.25 j) - (8) 2 (-0.6i - 0.25 j) 
a D = (38.8 + 0.25ct BO )i + (36-0.6ct BD )j 

(1) 

a D ~ a E + a DE X r D/E — a> DE r DIE 

= 0 + a DE k x (—0.2i) - (24) 2 (-0.2i) 

= 115.2i-0.2a O£ j 

(2) 

Equate like components of a„ from Equations (1) and (2). 


i: 38.8 + 0.25a BD - 115.2 a BD =305.6rad/s 2 


j: 36 - 0.6 a BD = -0.2 a DE 


a DE = 3 a BD -180 = 736.8 rad/s 2 


Angular acceleration: 

a BD - 306 rad/s 2 4 

a DE - 237 rad/s 2 A 
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j-*- 4 in.-»- 

iar 

-*—5 in.—»- 

— 5 in.— 

PROBLEM 15.253 

4 in. -+A 

Knowing that at the instant shown rod AB has zero angular 

A \X 

N \g 

B 

S _< 

G D 

' 

CArT acceleration and an angular velocity of 15 rad/s counterclockwise, 
j" determine (a) the angular acceleration of arm DE, (b) the 
acceleration of Point D. 


SOLUTION 



COS P 

v B = {AB)co ab = (5)(15) 


= 75 in./s 

*b= v bV P’ v d =1 'dM 

Point C is the instantaneous center of bar BD. 

CB = —-— = 6.25 in. co Rn = —— = ^ = 12 rad/s ) 

cos P BD CB 6.25 V 

CD = —-— = 6.25 in. v D = ( CD)co bd = (6.25)(12) = 75 in./s 
cos// 

(0 nF - —— = — = 15 rad/s > ) 

DE DE 5 y 

Acceleration analysis. C/. AB — 0 

a B =[(AS)« a/j |/ + ^ p\ 

= 0 + [(5)(15) 2 ^ >9] = 1125 in./s 2 
a D/5 = [(BD)or B „t] + [(BD)fi4^| 

= [10cr BD |] + [(10)(12) 2 —] 

= [10 a BD j ] + [1440 in./s 2 -.—] 
a D =[(DE)a DE \p\ + [(DE)caif } , : p\ 

= [5a DE N^] + [(5)(15) 2 ^ P\ 

= [5a DE [\//] + [1125 in./s 2 p ] 
a D = a B + a /v/ . Resolve into components. 
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PROBLEM 15.253 (Continued) 


(a) -±*: 

5 a DE sin /3 +1125 cos /? = -1125 cos /3 -1440 



a DE = -1080 rad/s 2 

a DE ~ 1^80 rad/s 2 J) 4 

(b) 

a D =[(5)(-1080) |\/?] + [1125in./s 2 ^L/3] 

= [5400 in./s 2 N /?] + [1125 in./s 2 



1125 

tan y =- 

5400 

°\ \ 


7 = 11.77° 

a D =J 5400 2 +1125 2 

-*\Vr 


= 5516in./s 2 

= 460 ft/s 2 

5o‘-/3^ 


90° -P + Y = 64.9° 

a 0 = 460 ft/s 2 ^ 64.9° ◄ 
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PROBLEM 15.254 

Rod AB is attached to a collar at A and is fitted with a wheel at 
B that has a radius r - 15 mm. Knowing that when 9 — 60° 
the colar has velocity of 250 mm/s upward and the speed of the 
collar is decreasing at a rate of 150 mm/s 2 , determine (a) the 
angular acceleration of rod AB, (b) the angular acceleration of 
the wheel. 


SOLUTION 


Geometry. We note that Point B moves on a circle of radius R = 300 mm 
centered at C. It is useful to use the angle /?, angle ACB of the 
triangle ABC, which indicates the motion of B along this 
curve. Applying the law of sines to the triangle ABC, 


AB 


BC 


sin(> - 9) sin /3 


(9- 60°) 


AB 200 mm . 

or sin/) = —rzrSinfc'=-sin 60 

BC 300 mm 

p = 35.264° 


With meters as the length unit and the unit vectors defined as 

i = 1 —►, j = 11 , and k = 1 

The relative position vectors are 

r B/A = (0.2 m)(sin 60°i - cos 60° j) 
r fi/c = (0.3 m)(sin/?i -cos/?j) 

Let Point P be the contact point where the wheel rolls on the fixed surface. 


C 



v pib ~ (0.015 m)(sin /?i - cos /?j) 

Velocity analysis. v A = 0.250 m/s j \ p = 0 

V B = V B P W AB ~ ®AB^- M BP ~ 


= 0.250j + (co AB )k x (0.2 sin 60°i - 0.2 cos 60° j) 
v B (cos P'i + sin py> = 0.25j + 0. \co AB i + 0.173205<y AB j 
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PROBLEM 15.254 (Continued) 


Resolve into components: 

i: v B cos P = +0.1 co AB 

j: v B sin p = 0.25 - 0.173205<y AB 

Solving the simultaneous Equations (1) and (2), 

v B = -0.29873 m/s 

= 0.29873 m/s7^ <a AB = 2.43913 rad/s ) 
Since the wheel rolls without slipping, Point P is its instantaneous center. 

0.29873 


co AB = -2.43913 


\v B \ = r( 0 BP 


CO, 


'PB 


0.15 


Acceleration analysis 


a A = 150 mm/s’, 
(a P ), = 0 


( 1 ) 

(2) 


10 bp -1-992 rad/s ) 


a B _ a A + a BIA ~ a A + a AB^ X V B/A C0 AB T BIA 

= -0.150j + er AB k x (0.2 sin 60°i - 0.2 cos 60° j) 

- (2.43913) 2 (0.2 sin 60°i - 0.2 cos 60° j) 

= -0.150j + (0.2 sin 60°)a AB j + (0.2 cos 60°)a AB i 
-1.03046i +0.59494j 

= (0.2 cos 60°)a AB i + (0.2 sin 60°)a AB j - 1.03046i + 0.44494j 


Consider the motion of B along its circular path. 


a B — [(^B \ ^4-^1 




= ( a B ), (cos pi + sin Pj) + — (- sin pi + cos Pj) 

R 

, , ....... (0.29873) 2 . .. ... 

= (a B ), cos P l + (a B ), sin p j-—-(-sin Pi + cos/Jj) 

= (a B ), cos pi + ( a B ), sin Pj - 0.17174i + 0.24288j 

Equate the two expression for a B and resolve into components. 

i: ia B ), cos p- 0.17174 = (0.2cos60°)a AB -1.03046 

j: (fl B ), sin P + 0.24288 = 0.2sin 60°a AB +0.44494 


Solving Eqs. (3) and (4) simultaneously, 

( a B ), =-2.0187 m/s 2 a AB = -7.8956 rad/s 2 


(3) 

(4) 
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PROBLEM 15.254 (Continued) 


(a) 

Angular acceleration of AB. 

a AB ~ 7-90 rad/s 2 > -4 

(b) 

Angular acceleration of the wheel. 



(tip), — (a B ) t + t CCpp — 0 



«„ = (“*)<=_(- 2 - 01 * 7 ) = 134.6 ^ 

BP r 0.015 

a BP =134.6 rad/s 2 4 
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PROBLEM 15.255 

Water flows through a curved pipe AB that rotates with a constant 
clockwise angular velocity of 90 rpm. If the velocity of the water 
relative to the pipe is 8 m/s, determine the total acceleration of a 
particle of water at Point P. 


SOLUTION 

Let the curved pipe be a rotating frame of reference. Its angular velocity is 90 rpm J or co = 9.4248 rad/s ). 
Motion of the frame of reference at Point P 

V = (AP)co^LA5° = (0.5-^X9.4248) ^45° = 6.6643 m/s ^45° 

a,,- = (AP)ar^f 45° = (0.5V2)(9.4248) 2 ^45° = 62.81 m/s 2 ^45° 

Motion of water relative to the frame at Point P. 

\ P/F = 8 m/s <— 

_ ( v p/f) I 

a p/F - ^ 

P 

_ (8 m/s) 2 | 

0.5 m 

= 128 m/s 2 1 

Coriolis acceleration. a c = 2(Ov PIF 

= (2)(9.4248)(8) 

= 150.797 m/s 2 
a t =150.797 m/s 2 T 

Acceleration of water at Point P. a P = a P - + a P/F + a c 

a P = [62.81^45°] + [1281] + [150.797 t] 

= [44.413 m/s 2 -»] + [21.616 m/s 2 1] 

a P = 49.4 m/s 2 ^26.0° ◄ 
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PROBLEM 15.256 

A disk of 0.15-m radius rotates at the constant 
rate co 2 with respect to plate BC. which itself 
rotates at the constant rate co x about the y axis. 
Knowing that co x = (0 2 = 3 rad/s, determine, for 
the position shown, the velocity and acceleration 
(a) of Point D, ( b ) of Point F. 


SOLUTION 

Frame AXYZ is fixed. 

Moving frame, Exyz, rotates about y 

axis at 



O = 0\ j = (3 rad/s)j 


(a) Point D: 

= «h j = (3 rad/s)j 

r D/A ~ *3 

r D/E ~ — (0.15 m)i 

V —Ox r D/A — 0 

y DIF ~ X r DIE 

= (3 rad/s)jx( -0.15 m)i 
= (0.45 m/s)k 



v /j = V+ v o/r 

\ D = (0.45 m/s)k A 


a tf =Qx y D . = 0 

a DiF - ro i x y d/f 

= (3 rad/s)j x (0.45 m/s)k 

= (1.35 m/s 2 )i 
a c — 30 x y d/f 

= 2(3 rad/s)jx(0.45 m/s)k = (2.70 m/s 2 )i 



a D ~ a D’ + a DIF + a c 

= 0 + (1.35 m/s 2 )i + (2.70 m/s 2 )i 

a D = (4.05 m/s 2 )i A 
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( b ) Point F: 


PROBLEM 15.256 (Continued) 

C0 2 = co 2 j = (3 rad/s )j 
r FIA = (0.3 m)i; 
t fie = (0.15 m)i 
V = ^x r F/A 

= (3 rad/s)jx (0.3 m)i 
= -(0.9 m/s)k 
\ F / F = w 2 x r F/E 

= (3 rad/s)j x (0.15 m)i 
= -(0.45 m/s)k 
V = V+v WF 

= -(0.9 m/s)k - (0.45 m/s)k 

a F ' = flxv r 

= (3 rad/s)j x (-0.9 m/s)k 
= -(2.7 m/s 2 )i 

&F/F — X V F/F 

= (3 rad/s)j x (-0.45 m/s)k 
= -(1.35 m/s 2 )i 

— 2Q x \ F / F 

- 2(3 rad/s)j x (-0.45 m/s)k 
= -(2.7 m/s 2 )i 


\ F - -(1.35 m/s)k -4 


= -(2.7 m/s 2 )i - (1.35 m/s 2 )i - (2.7 m/s 2 )i 


a F = -(6.75 m/s 2 )i 4 
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100 


mm 


PROBLEM 15.257 

Two rods AE and BD pass through holes drilled into a hexagonal 
block. (The holes are drilled in different planes so that the rods will 
not touch each other.) Knowing that rod AE has an angular velocity 
of 20 rad/s clockwise and an angular acceleration of 4 rad/s 2 
counterclockwise when 9- 90°, determine, (a) the relative velocity 
of the block with respect to each rod, ( b ) the relative acceleration 
of the block with respect to each rod. 


SOLUTION 

Geometry: When 0 = 90°, Point H is located as shown in the sketch 

ABH. 

100 mm _ r x _ r 2 
sin 60° sin 30° sin 90° 

i\ = 57.735 mm 
r 2 = 115.470 mm 


e 

The angle at El remains at 60° so that rods AE and BD have a common angular velocity co = CO ) and a 
common angular acceleration a = a ), where 

CO - -20 rad/s 

and a — 4 rad/s 

Consider the double slider H as a particle sliding along the rotating rod AH with relative velocity u i —► and 
relative acceleration u l —►. 

Let H' be the point on rod AE that coincides with H. 

\ H ' = [r x co\] = [(57.735 mm) (-20 rad/s) ] = [1154.7 mm/s , ] 

a H ' =[r 1 cr|] + [r 1 <y 2 ^] 

= [(57.735 mm)(4 rad/s 2 ) ] + [(57.735 mm)(20 rad/s) 2 •*—] 

= [230.9 mm/s 2 f ] + [23094 mm/s 2 — ] 


. Apply the law of sines to the triangle 


A H 
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PROBLEM 15.257 (Continued) 


The corresponding Coriolis acceleration is 

a, = [2 cou l | ] = [(2)(-20)Mj ] = 40m : \ 

y H - y H ,+u 1— *-=[1154.7 mm ,] + [mj — ► ] (1) 

a H — ciu' + [u^ —► 1 + [40u, i ] 

= [230.9 mm/s ] + [23094 mm/s 2 *—] + [«!—► ] + [40 m,, | (2) 

Now consider the double slider H as a particle sliding along the rotating rod BD with relative velocity u 2 ^d2 60° 
and relative acceleration u 2 /f 60+ 

Let H" be the point on rod BD that coincides with II. 

\ H . = r 2 co 2^30° = (115.47 mm)(-20 rad/s) 2x30° = 2309.4 mm/s ^ 30° 

a H - = r 2 a 2^30° + r 2 co 2 j^60° 

= (115.47 mm)(4 rad/s 2 ) 2^30° + (115.47 mm)(20 rad/s) 2 ;^ 60° 

= 461.9 mm/s 2 2^30° + 46188 mm/s 2 60° 

The corresponding Coriolis acceleration is 

a 2 = Icon 2 2i^ 30° = (2)(-20 rad/s)« 2 2^ 60° = 40m 2 30° 


\ H - \ H - + m 2 ^C 60° = 2309.4 mm/s 30° + n 2 ^C60° (3) 

a H - a H ’ + u 2 60° + 40m 2 30° 

= [(461.9 mm/s 2 )2^30°] + [(46188 mm/s 2 ) 7^60°] + [u 2 ^60°] + [40 m 2 ^ 30° ] (4) 

Equate expression (1) and (3) for \ H and resolve into components. 

+| 1154.7 mm/s = -(2309.4 mm/s) sin 30° + u 2 sin 60° 

2309.4 sin 30° -1154.7 

U 2 =- Mi = 0 

sin 60° 

+ .; Mj = 2309.4cos 30° + 0 u 1 = 2000 mm/s 

Substitute the values for U\ and u 2 into the Coriolis acceleration terms, and equate expressions (2) and (4) for 
a a and resolve into components. 

+|: 230.9 mm/s 2 - (40 rad/s)(2000 mm/s) 

= (461.9 mm/s 2 )sin30° + (46188 mm/s 2 )sin60° 

+ u 2 sin 60° - (40)(0) sin 30° 


. 230.9-80000-230.9 + 40000 

Mi =- 

sin 60° 


u 2 = -46188 mm/s 2 
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PROBLEM 15.257 (Continued) 

-+►: (ij-23094 mm/s 2 = -(461.4mm/s 2 )cos30°-(46188 mm/s 2 )cos60° 

-(46188 mm/s 2 )cos 60°+ 0 

iij = -23494 mm/s 2 

(a) Relative velocities: AE: u A —► = 2.00 m/s—► M 

BD: u 2 ^L60° = 0 ◄ 

(b ) Relative accelerations: AE: tij = 23.5 m/s 2 -*—M 

BD: it 2 60° = 46.2 m/s 2 ^ 60° ◄ 
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SOLUTION 

Geometry. 


at B. 


ity of collar 


he = 24 in- 

r cib = ( 8 in -)i - (16 in.)j + z CIB k 
24 2 = 8 2 +16 2 + Zc/b 
z c ,b =16 in. 
t cib = (8 in -)i - (16 in.)j 
r BiA = -( 4 in -)i 

\ B - xr m 

= 10kx(-4i) 

= -(40 in./s )j 


•)j + (16 in.)k 


C. 


v c = v c k 

V C = y B + \ C /B 
y C/B ~ ®BC Xr B/C 

v c/B is perpendicular to r c/B , we get r c/B ■ v CIB = 0 
r c/B • v c , we get r c/B ■ \ c = r CIB ■ (v B + v CIB ) 

~ r C/B ' V B + r C/B ' y C/B 

° r r C!B ■ y C = r C/B y B 

From Eq. (1) (8i -16j + 16k) • (v c k) = (8i -16j + 16k) • (-40j) 

16v c = (—16)(—40) 


hat v r 
t r. 


or 


v c = 40 in./s 


( 1 ) 


v c = (40.0 in./s)k -4 
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VI 



PROBLEM 15.259 

In the position shown, the thin rod moves at a constant speed 
u = 3 in./s out of the tube BC. At the same time, tube BC rotates 
at the constant rate co 2 - 1.5 rad/s with respect to arm CD. 
Knowing that the entire assembly rotates about the X axis at the 
constant rate (O x -\.2 rad/s, determine the velocity and 
acceleration of end A of the rod. 
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PROBLEM 15.259 (Continued) 

Velocity of Point A. v A = v A - + y^p 

v A = 9i - 10.8j + 7.2k + 3j 

v A = (9.00 in./s)i - (7.80 in./s)j + (7.20 in./s)k A 

Coriolis acceleration. 2Q x \ A/F = (2)(1.2i -1.5k) x 3j 

= (9 in./s 2 )i +(7.2 in./s 2 )k 

Acceleration of Point A. a A = a A -+ a A/F + 2Q x \ A/F 

a A = -22.14j-12.92k+ 9i +7.2k 

a A = (9.00 in./s 2 )i - (22.1 in./s 2 )j - (5.76 in./s 2 )k A 

Method 2 

Let frame Dxyz, which at instant shown coincides with DXYZ, rotate with an angular velocity Q = cof = 1.2i rad/s. 
Then the motion relative to the frame consists of the rotation of body DCB about the Z axis with angular 
velocity co 2 k = -(1.5 rad/s)k plus the sliding motion u = ni = (3 in./s)j of the rod AB relative to the body DCB. 

Motion of the coinciding Point A' in the frame. 

v A - = Q x r A 

= 1.2ix (6j + 9k) 

= -(10.8 in./s)j + (7.2 in./s)k 
a A -= Qxv a . 

= 1,2i x (—10.8j + 7.2k) 

= -(8.64 in./s 2 )j - (12.96 in./s 2 )k 

Motion of Point A relative to the frame. 

V/uf =<y 2 kxr A +nj 

= (-1.5k)x(6j + 9k) + 3j 
= (9 in./s)i + (3 in./s)j 

a /vr = x r A + (oAs. x (co 2 k x r A ) + hj + 2<y 2 k x (nj) 

= 0 + (-1.5k) x (9i) + 0 + (2) (-1,5k) x (3j) 

= -13.5j + 9i 

= (9 in./s 2 )i — (13.5 in./s 2 )j 

Velocity of Point A. v A = v A - + 

v A =-10.8j + 7.2k + 9i + 3j 

v A = (9.00 in./s)i - (7.80 in./s)j + (7.20 in./s)k ◄ 
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PROBLEM 15.259 (Continued) 

Coriolis acceleration. 

2Q x \ A/F = (2)(1,2i) x (-9i + 3j) 


= (7.2 in./s 2 )k 

Acceleration of Point A. 

a A = a A' + a A/F + 20 x \ A/F 


a A =-8.64j-12.96k+ 9i-13.5j +7.2k 


a A = (9.00 in./s 2 )i- (22.1 in./s 2 )j - (5.76 in./s 2 )k 4 
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CHAPTER 16 








SOLUTION 

Answer: ( b ) 
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PROBLEM 16.CQ3 



Two solid cylinders, A and B, have the same mass m and the radii 2 r and r 
respectively. Each is accelerated from rest with a force applied as shown. 
In order to impart identical angular accelerations to both cylinders, what is 
the relationship between F i and Ff? 

(a) F\ = 0.5F 2 

(b) F,=F 2 

(c) F\ = 2F 2 

(d) Fi = AF 2 

(e) F, = 8F 2 


SOLUTION 

Answer: (c) 

Fr = la 

a _ FR _ F l (2r) _ F 2 r 
\ mR 2 \m{2r) 2 \mr 2 

mr mr 


F!=2 F 2 ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1397 






PROBLEM 16.FI 

A 6-ft board is placed in a truck with one end resting against a block 
secured to the floor and the other leaning against a vertical partition. 
Draw the FBD and KD necessary to determine the maximum allowable 
acceleration of the truck if the board is to remain in the position shown. 


SOLUTION 




Answer: 


' V- 

S 

/7 



j/ ^ 

//t# 3ft 



ft 

V 
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PROBLEM 16.F2 

X«1D 


/ 

A uniform circular plate of mass 3 kg is attached to two links AC and BD of the 


same length. Knowing that the plate is released from rest in the position shown, in 


which lines joining G to A and B are, respectively, horizontal and vertical, draw the 

9 

^ B 

-— 9 A , ^ 

FBD and KD for the plate. 
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PROBLEM 16.F3 

Two uniform disks and two cylinders are assembled as indicated. Disk A 
weighs 20 lb and disk B weighs 12 lb. Knowing that the system is 
released from rest, draw the FBD and KD for the whole system. 


SOLUTION 

Answer: 
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PROBLEM 16.F4 

The 400-lb crate shown is lowered by means of two overhead cranes. Knowing 
the tension in each cable, draw the FBD and KD that can be used to determine 
the angular acceleration of the crate and the acceleration of the center of gravity. 
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PROBLEM 16.1 

A conveyor system is fitted with vertical panels, and a 15-in. rod AB weighing 5 lb 
is lodged between two panels as shown. If the rod is to remain in the position shown, 
determine the maximum allowable acceleration of the system. 


SOLUTION 

Geometry : 


Mass : 

Kinetics: 


, 10 in. ,„ . 

d =-= 10.642 in. 

cos 20° 

b - —(15 in.)sin20° = 2.5652 in. 
2 


c = —(15 in.)cos20° = 7.0477 in. 

2 

m = — = — ^ = 0.15528 slug 

g 32.2 ft/s 2 




+) IM B = Z(M b ) eff : Cd-Wb = -mac 

Maximum allowable acceleration . 

This occurs at loss of contact when C = 0. 


ma ■ 


Wb _ (5 lb)(2.5652 in.) 
c _ 7.0477 in. 

ma 1.81991b 


= 1.8199 lb 


m 


0.15528 slug 


a =11.72 ft/s ◄ 
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PROBLEM 16.2 

A conveyor system is fitted with vertical panels, and a 15-in. rod AB weighing 5 lb 
is lodged between two panels as shown. Knowing that the acceleration of the 
system is 3 ft/s 2 to the left, determine (a) the force exerted on the rod at C, (b) the 
reaction at B. 


SOLUTION 


Geometry : 


Mass : 

Kinetics: 


CB-d- 10 m ' = 10.642 in. 
cos 20° 

b = —(15 in.)sin20° = 2.5652 in. 

2 

c = —(15 in.)cos20° = 7.0477 in. 

2 

m = — = — = 0.15528 slug 

g 32.2 ft/s 2 

ma = (0.15528 slug)(3 ft/s 2 ) = 0.46588 lb — 


(a) 



Force at C. 

+)z.M b = JL{M b ) eff : Cd -Wb- -mac 



_ Wb mac _ (5 lb)(2.5652 in.) (0.46588 lb)(7.0477 in.) 
d d 10.642 in. 10.642 

C = 0.89669 lb 



C = 0.897 lb ^T20° ◄ 
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PROBLEM 16.2 (Continued) 

( b) Reaction at B . 

+ \*F y =X(F y ) ei{ : B y —W + C sin 20° = 0 

B y = 5 lb - (0.89669 lb) sin 20° = 4.6933 lb 
*+_ ZF X = Z(F r ) eff : B x - C cos 20° = ma 

B x = (0.89669 lb) cos 20° + 0.46588 = 1.3085 lb 

B = 1.3085 lb •*—1-4.6933 lb | B = 4.87 lb ^ 74.4° ◄ 
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PROBLEM 16.3 

Knowing that the coefficient of static friction between the tires 
and the road is 0.80 for the automobile shown, determine 
the maximum possible acceleration on a level road, assuming 
(a) four-wheel drive, (b) rear-wheel drive, (c) front-wheel drive. 
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PROBLEM 16.3 (Continued) 

(c) Front-wheel drive: 



+)ZM a = £(M A ) eff : (100 in.)N B - (60 in.)lT = -(20 in .)ma 

N b = 0.6W — O.lrria 

Thus: F b = jU k N B = 0.80(0.61T - 0.2 ma) = OA&mg - 0A6ma 

±^ZF x =Z(F x ) cff : F b = ma 

0.48 mg — 0A6ma — ma 
0.48^ = 1.16a 

a = — (32.2 ft/s 2 ) a = 13.32 ft/s 2 —*- A 
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PROBLEM 16.4 

The motion of the 2.5-kg rod AB is guided by two small wheels which roll 
freely in horizontal slots. If a force P of magnitude 8 N is applied at B, 
determine (a) the acceleration of the rod, (b) the reactions at A and B. 


SOLUTION 



m 2.5 kg 


a = 3.20 m/s ? —- M 


(b) 


lM B =KM B ) eS : W 


A = W 


( 2 

| — Ar = ma 

f 2r) 

r - 

— 

v n ) 


v n J 


f 1 -- 

— ma 

'2^ 

= mg 

fl~- 

-P 

[-1 

V n ) 



l n ) 


\n) 


f 


■ (2.5 kg)(9.81 m/s 2 ) 


1 — 

v n j 

= 8.912 N- 5.093 N = 3.819 N 


^ <8n/ 2 


+|ZF y =0: A + B-W = 0 

B = W - A = (2.5)(9.81) - 3.819, 


A = 3.82 N | ◄ 
B = 20.71 N| ◄ 
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a A p 



PROBLEM 16.5 

A uniform rod BC of mass 4 kg is connected to a collar A by a 250-mm 
cord AB. Neglecting the mass of the collar and cord, determine (a) the 
smallest constant acceleration a 4 for which the cord and the rod lie in 
a straight line, ( b ) the corresponding tension in the cord. 
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PROBLEM 16.6 



1.4 m 2 m 1.2 m 



A 2000-kg truck is being used to lift a 400-kg 
boulder B that is on a 50-kg pallet A. Knowing 
the acceleration of the rear-wheel drive truck is 
1 m/s 2 , determine (a) the reaction at each of the 
front wheels, (b) the force between the boulder 
and the pallet. 
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PROBLEM 16.6 (Continued) 


Truck: +^M R ='L(M R ) eff : — N F (3.4 m) + m r g(2.0 m) — T(0.6 m) = m T a T (l.O m) 

_ (2.0 m)(2000 kg)(9.81 m/s 2 ) (0.6 m)(2320 N) | (1.0 m)(2000 kg)(1.0 m/s) 

F 3.4 m 3.4 m 3.4 m 

= 11541.2 N - 409.4 N - 588.2 N 
=10544 N 

+| HF y = Z(F y ) eff : N f + N r — m T g — 0 

10544 N + N r -(2000 kg)(9.81 m/s 2 ) = 0 

N r = 9076N 

ZF X = Z(F v ) eff : F R -T = nv r a T 

F R = 2320 N + (2000 kg)(1.0 m/s 2 ) 

=4320 N 


(a) Reaction at each front wheel'. 



Reaction at each rear wheel: 


5270 N ◄ 




5030 N 2^64.5° 


( b) Force between boulder and pallet. 




Boulder 


N 


0 


+ 


■ ZF v =Z(FJ eff : N b +M 


bS m B a B 


N B = (400 kg)(9.81 m/s 2 )+ (400 kg)(0.5 m/s 2 ) 


=4124 N 


4120 N (compression) M 
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PROBLEM 16.8 



Solve Problem 16.7, assuming that the acceleration a of the bracket is directed 
y 30 ° downward. 

PROBLEM 16.7 The support bracket shown is used to transport a cylindrical 
can from one elevation to another. Knowing that ju s = 0.25 between the can 
and the bracket, determine (a) the magnitude of the upward acceleration a for 
which the can will slide on the bracket, ( b ) the smallest ratio hid for which the 
can will tip before it slides. 
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PROBLEM 16.9 


A 20-kg cabinet is mounted on casters that allow it to move freely 
(p = 0) on the floor. If a 100-N force is applied as shown, determine 
(a) the acceleration of the cabinet, ( b) the range of values of h for 
which the cabinet will not tip. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



1413 






G 



M _ML 


U—0.6 in—d 


PROBLEM 16.10 

Solve Problem 16.9, assuming that the casters are locked and slide on 
the rough floor (p k = 0.25). 

PROBLEM 16.9 A 20-kg cabinet is mounted on casters that allow it to 
move freely (p = 0) on the floor. If a 100-N force is applied as shown, 
determine (a) the acceleration of the cabinet, (b) the range of values of 
h for which the cabinet will not tip. 


SOLUTION 

(a) Acceleration . 

+ |ZF y =0: N a +N b -W = 0 
n a + n b = 

But, F = fiN, thus F a + F b - ju(mg ) 

-±~ ^F x = Z(F t ) eff : 100 N - (F A + F B ) = ma 

100 N - /Umg ~ m F 

100 N - 0.25(20 kg)(9.81 m/s 2 ) = (20 kg)a 

a — 2.548 m/s 2 

( b ) Tipping of cabinet . 


loot 


T 


— 



1 



ft B 


ft & 


mia. 


He 


fn 


} 60 H 


r 

A* 





G- 

: 

__ 

S 





A 

£ 


A J 



~*~fa 


1. , 





L 0.3-91 



0 . 9*1 

L 


W = mg = ( 20kg)(9.81m/s“) 
W = 196.2 N 


For tipping to impend ^): N A = 0. 

+)Z.M B = 1XM B ) eff : (100 N)/z — W (0.3 m) = ma(0.9 m) 


a = 2.55 m/s' 


(100 N )h - (196.2 N)(0.3 m) = (20 kg)(2.548 m/s')(0.9 m) 

/z = 1.047 m 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1414 





PROBLEM 16.10 (Continued) 

For tipping to impend : N B — 0 

+)lM A = Z(M A ) eff : (100 N)/i + W(0.3 m) = ma(0.9 m) 

(100 N )h + (196.2 N)(0.3 m) = (20 kg)(2.548 m/s 2 )(0.9 m) 

h = -0.130 m (impossible) 

Cabinet will not tip: h <1.047 m A 
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•*— 500 mm 


900 mm^-l- »G 

450 mm 


h 



PROBLEM 16.11 

A completely filled barrel and its contents have a combined 
mass of 90 kg. A cylinder C is connected to the barrel at a 
height h — 550 mm as shown. Knowing ju s = 0.40 and 
ju k = 0.35, determine the maximum mass of C so the barrel 
will not tip. 



C 
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PR0BLEM16.il (Continued) 


For the cylinder: 



= m c a: 


W c — T — m c a 


m c g — T = m c a 


T 

m r = - 

g-a 


816.68 

9.81-5.6407 


195.88 kg 


m c - 195.9 kg A 
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■*\ 



600 mm 



PROBLEM 16.12 

A 40-kg vase has a 200-mm-diameter base and is being moved 
using a 100-kg utility cart as shown. The cart moves freely (// = 0) 
on the ground. Knowing the coefficient of static friction between 
the vase and the cart is ju s = 0.4, determine the maximum force F 
that can be applied if the vase is not to slide or tip. 
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PROBLEM 16.12 (Continued) 


Cart and vase: 


P 




^ZF x =E(FJ eff 


F — m c a + m v a 


F = (100 kg)( 1.635 m/s 2 ) + (40 kg)( 1.635 m/s 2 ) 


F = 229 N ◄ 
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PROBLEM 16.13 

The retractable shelf shown is supported by two 
identical linkage-and-spring systems; only one of the 
systems is shown. A 20-kg machine is placed on the 
shelf so that half of its weight is supported by the system 
shown. If the springs are removed and the system is 
released from rest, determine (a) the acceleration of the 
machine, ( b ) the tension in link AB. Neglect the weight 
of the shelf and links. 


SOLUTION 

The links AB and CE keep the line AC on the shelf parallel to the fixed line BE. Thus the shelf moves in 
curvilinear translation. 

a — 0 and a G is perpendicular to AB 
Since link AB is a massless two-force member, the force at A is along link AB. 

Since link CDE is massless and the spring DF is removed, the force at C is directed along the link CDE. 
Consider the kinetics of the shelf. 



Force perpendicular to link AB. 30° 
mg cos 30° = nut 

a - g cos 30° = (9.81 m/s) cos 30° = 8.4957 m/s 2 

(a) Acceleration of the machine: a = 8.50 m/s 2 'Tf60° M 

=Z(M c ) eff : (F a cos 30°)(0.080) + (F a sin 30°)(0.100) - mg(0. 150) 

= (ma sin 30°)(0.160) + ( ma cos 30°)(0.150) 

0. 11928F a -0.150 mg = -0.04990 mg cos 30° 
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PROBLEM 16.13 (Continued) 


( b ) Tension in link AB. = 89525 mg 

Taking mg to be half the weight of the machine, 


mg = ^(20 kg)(9.81 m/s 2 ) =98.1 N 


F a = (0.89522)(98.1 N) 

F - 87.8 N ◄ 
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SOLUTION 


(a) Acceleration 


\j 

30 * 

Ta \ 

x 

3 o* 

h 


r 

* 

5 


'fl 

0 

F 

a.zi'*’ 

1 

& 


mm 

30 

• V 

G 






o.W*. 

o.ur •* 





+S 7 30°XF = EF clf : mg sin 30° = ma 


a = 0.5g = 4.905 m/s 2 a = 4.91 m/s 2 30° ◄ 

( b ) Tension in ropes 

+ )I M A = Z(M A ) eff : (7^ cos30°)(0.3 m)- mg(0.15 m) = -«7n(cos30 o )(0.12 m) - ma(sin 30°)(0.15 m) 

0.25987g - (5 kg)(9.81 m/s 2 )(0.15 m) = -(5 kg)(4.905 m/s 2 )(0.1039 + 0.075) 

0.25987^ -7.3575 = -4.388 

r B =+11.43N T m = 11.43N ◄ 

+ 2^ 10 o 2;F = £F eff : T A +11.43 N - mg cos 30° = 0 

T a + 11.43 N - (5 kg)(9.81) cos 30° = 0 
T a +11.43 N-42.48N = 0 

T a = 31.04 N T ad = 31.0N ◄ 
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PROBLEM 16.15 

A uniform rectangular plate has a mass of 5 kg and is held 
in position by three ropes as shown. Determine the largest 
value of 6 for which both ropes AD and BE remain taut 
immediately after rope CF has been cut. 
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150 mm 



PROBLEM 16.17 

Members ACE and DCB are each 600 mm long and are connected by 
a pin at C. The mass center of the 10-kg member AB is located at G. 
Determine (a) the acceleration of AB immediately after the system has 
been released from rest in the position shown, (b) the corresponding 
force exerted by roller A on member AB. Neglect the weight of 
members ACE and DCB. 


SOLUTION 




Analysis of linkage 

Since members ACE and DCB are of negligible 
mass, their effective forces may also be neglected 
and the methods of statics may be applied to their 
analysis. 

Free body. Entire linkage : 

+)IM d = 0 : 

(fly - E) (0.6 cos 30°) - B x ( 0.6 sin 30°) = 0 

(B y - E ) cos 30° - B x sin 30°= 0 (1) 

Free body : member ACE 
+)IM C = 0 : 

A (0.3 cos 30°) - £(0.3 cos 30°) = 0; E - A 
Carrying into Eq. (1): 

(B y - A) cos 30° - B x sin 30° = 0 (2) 

Equations of Motion for Member AB 
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PROBLEM 16.18 

The 15-lb rod BC connects a disk centered at A to crank CD. 
Knowing that the disk is made to rotate at the constant speed of 
180 rpm, determine for the position shown the vertical components 
of the forces exerted on rod BC by the pins at B and C. 
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PROBLEM 16.19 

The triangular weldment ABC is guided by two pins that slide 
freely in parallel curved slots of radius 6 in. cut in a vertical plate. 
The weldment weighs 16 lb and its mass center is located at Point G. 
Knowing that at the instant shown the velocity of each pin is 
30 in./s downward along the slots, determine (a) the acceleration of 
the weldment, (b) the reactions at A and B. 
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c 


E 


PROBLEM 16.20 


The coefficients of friction between the 30-lb block and the 5-lb platform 
BD are /u s = 0.50 and ju k = 0.40. Determine the accelerations of the block 
and of the platform immediately after wire AB has been cut. 
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PROBLEM 16.20 (Continued) 


Thus, F m = ju s N = 0.50 (22.5 lb) = 11.25 lb 

Since F > F m , the block will slide 

Now assume that the block slides relative to the platform. 
Equations of motion for block, (assuming sliding) 


W -Jo Ik 

L3 


-O.ifON 1 N 




f^x 


30(a.\ 

J ^ A 


+1 ZF v =Z(F v ) eff : 30 -N = —(a b ) 

8 


y 


r 


(a b )y = g 


1- 


N 


30 


30 


±*ZF =E(F) eff : 0.40 N = (a b ) 


8 


b>x 


( a b)x = 8 1 ^ 


Equations of motion for platform. 





(1) 


(2) 


= g(0.5 +0.030718 N) 

If contact is maintained between block and platform, we must have 

(a*), =(a p )y sin30° 


(3) 


(4) 
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PROBLEM 16.20 (Continued) 


Substituting from (1) and (3) into (4): 


8 


(i-*L 
y 30 


= g(0.5 +0.030718 N) sin 30° 


(0.015359 + 0.033333)/V = 0.75 


N = 15.403 lb 

Substituting for N in (2) and (1): 


7 15 403 7 

(a b ) x = (32.2 ft/s 2 ) —-, (a*), = 6.61 ft/s 2 - 


75 


(a„) y =( 32.2 ft/s 2 ) 


15.403 

30 


J, (a fe ) y =15.67 ft/s 2 J 


a 6 =17.01 ft/s 2 ^67.1° ◄ 

Substituting for N in (3): 

a P = (32.2 ft/s 2 )(0.5 + 0.030718x 15.403) = 31.335 ft/s 2 


u P = 31.3 ft/s 2 ^30° ◄ 


Note: Since N > 0, we check that contact between block and platform is maintained. 
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PROBLEM 16.21 

Draw the shear and bending-moment diagrams for the vertical rod AB 
of Problem 16.16. 

PROBLEM 16.16 Three bars, each of mass 3 kg, are welded 
together and are pin-connected to two links BE and CF. Neglecting 
the weight of the links, determine the force in each link immediately 
after the system is released from rest. 


SOLUTION 

From the solution of Problem 16.16, the acceleration of all points of vertical rod AB is 

a = 6.3057 m/s 2 ^40° 

or a = 4.8304 m/s 2 —+4.0532 m/s 2 | 

Mass of rod AB: m - 3 kg 

tyi 3 ks 

Mass per unit length: — =- 5 — = 6.6667 kg/m 

l 0.450 m 


Effective force per length: —a 

(6.6667 kg/m)(4.8304 m/s 2 ) — + (6.6667 kg/m)(4.0532 m/s 2 ) 

32.203 N/m —+ 27.021 N/m { 

Only the horizontal component contributes to the shear and bending moment. Let x be a vertical coordinate 
(positive down) with its origin at A. Draw the free body diagram of the portion of the rod AB lying above the 
section defined by x. 

A 


X 


* L_E— 

Ks V 

N\ 


N/W> 
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PROBLEM 16.22* 

Draw the shear and bending-moment diagrams for the connecting 
rod BC of Problem 16.18. 

PROBLEM 16.18 The 15-lb rod BC connects a disk centered at 
A to crank CD. Knowing that the disk is made to rotate at the 
constant speed of 180 rpm, determine for the position shown the 
vertical components of the forces exerted on rod BC by the pins at 
B and C. 
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PROBLEM 16.22* (Continued) 


Distributed weight per unit length = w ■ 


151b 

( 30 
— I ft 
V 12 


= 6 lb/ft 


W 6 6 2 2 

Distributed mass per unit length = — = — =-lb • s“/ft~ 

8 g 32.2 


w 6 

Vertical component of effective forces = —=-(205.2) 

g y 32.2 


= 38.236 lb/ft 



t-JZF = X(F v ) eff : B y + C y + (2.5 ft)(6 lb/ft) = (2.5 ft)(38.236 lb/ft) 


From symmetry. 


B y + C y = 80.59 lb 


B y = C v = 40.285 lb 


B v =C =40.3 lb { 


Maximum value of bending moment occurs at G, where V — 0: 


I M l max = Area under V-diagram from B to G - —(40.285 lb)(l .25 ft) 



\M L = 25.2 lb • ft ◄ 


V B = -40.3 lb ◄ 
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PROBLEM 16.23 

* ' l if An/; la 

G 0 

i r P i 

For a rigid slab in translation, show that the system of the effective forces 
consists of vectors (Am, )a attached to the various particles of the slab, where a 
is the acceleration of the mass center G of the slab. Further show, by computing 
their sum and the sum of their moments about G, that the effective forces reduce 
to a single vector ma attached at G. 


SOLUTION 

Since slab is in translation, each particle has same acceleration as G, namely a. The effective forces consist of 
(Ami)a. 



The sum of these vectors is: 


Z(Am,)a = (ZAm,)a 


or since 


ZA in, = m. 


Z(Am,)a = ma 


The sum of the moments about G is: Y,r'x(Am i )a = (ZAm i r')xa (1) 

But, ZAm, r' = rrir = 0, because G is the mass center. It follows that the right-hand member of Eq. (1) is zero. 
Thus, the moment about G of ma must also be zero, which means that its line of action passes through G and 
that it may be attached at G. 
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(A m,)(a x r'j) 



PROBLEM 16.24 

For a rigid slab in centroidal rotation, show that the system of the effective 
forces consists of vectors —(Am i )co 2 r' ( and (Am,)(a x r' ; ) attached to the 
various particles P i of the slab, where CO and a are the angular velocity and 
angular acceleration of the slab, and where r' ; denotes the position vector of 
the particle P t relative to the mass center G of the slab. Further show, by 
computing their sum and the sum of their moments about G, that the effective 
forces reduce to a couple la. 
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PROBLEM 16.25 

The rotor of an electric motor has an angular velocity of 3600 rpm when the load and power are cut off. The 
50-kg rotor, which has a centroidal radius of gyration of 180 mm, then coasts to rest. Knowing that kinetic 
friction results in a couple of magnitude 3.5 N m exerted on the rotor, determine the number of revolutions 
that the rotor executes before coming to rest. 
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PROBLEM 16.26 

It takes 10 min for a 6000-lb flywheel to coast to rest from an angular velocity of 300 rpm. Knowing that the 
radius of gyration of the flywheel is 36 in., determine the average magnitude of the couple due to kinetic 
friction in the bearings. 


SOLUTION 

m= W = 6000 = 186.335 lb • s 2 /ft k = 36 in. = 3 ft 

g 32.2 


T —mk 2 — (186.336)(3) 2 =1677 lb s 2 - ft 


( 2;C 

<y n = 300 rpm — = 10 n rad/s 

^ UoJ 


co- co 0 +at 


0 = 10k rad/s + a( 600 s) 


a = -0.05236 rad/s 2 


M =Ta = (\611 lb-s 2 • ft)(-0.05236 rad/s 2 ) = 87.81 lb-ft 


M =87.8 lb-ft ◄ 
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PROBLEM 16.27 



The 8-in.-radius brake drum is attached to a larger flywheel that is not 
shown. The total mass moment of inertia of the drum and the flywheel 
is 14 lb • ft s 2 and the coefficient of kinetic friction between the drum 
and the brake shoe is 0.35. Knowing that the angular velocity of the 
flywheel is 360 rpm counterclockwise when a force P of magnitude 
75 lb is applied to the pedal C, determine the number of revolutions 
executed by the flywheel before it comes to rest. 
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6 in. 


PROBLEM 16.28 


HIJa 


10 in. 


¥ 


D 


8 in. 




■15 in.- 


Solve Problem 16.27, assuming that the initial angular velocity of 
the flywheel is 360 rpm clockwise. 

PROBLEM 16.27 The 8-in.-radius brake drum is attached to a 
larger flywheel that is not shown. The total mass moment of inertia 
of the drum and the flywheel is 14 lb -ft -s 2 and the coefficient of 
kinetic friction between the drum and the brake shoe is 0.35. 
Knowing that the angular velocity of the flywheel is 360 rpm 
counterclockwise when a force P of magnitude 75 lb is applied to 
the pedal C, determine the number of revolutions executed by the 
flywheel before it comes to rest. 
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•* - a - *A* - b -*- 

PROBLEM 16.29 

A 


The 100-mm-radius brake drum is attached to a flywheel which is not 

i ( — WC 

D shown. The drum and flywheel together have a mass of 300 kg and a 


B f XSfcs 

radius of gyration of 600 mm. The coefficient of kinetic friction between 


ip J/Y mrJX\\ 

the brake band and the drum is 0.30. Knowing that a force P of magnitude 


\( o(S( ]) 

50 N is applied at A when the angular velocity is 180 rpm counterclockwise, 



determine the time required to stop the flywheel when a — 200 mm and 



b — 160 mm. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1443 





PROBLEM 16.29 (Continued) 

Substituting for T 2 from (4) into (1): 

47j - 2.5663^ = 250 N 7j = 174.38 N 
From (1): T 2 = 4(174.38) - 250 T 2 = 447.51 N 

Substituting for 7, and T 2 into (2): 

a = (925.93 x 10“ 6 )(447.51 - 174.38), a = 0.2529 rad/s 2 ) 

Kinematics 

G) 0 = 180 rpm > ) a> 0 - + 18.850 rad/s 

a = 0.2529 rad/s 2 ) a = -0.2529 rad/s 2 

co= (Oq + at\ 0 = 18.850 - 0.2529r 

t = 74.5 s ◄ 
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PROBLEM 16.30 

The 180-mm radius disk is at rest when it is placed in contact with a 
belt moving at a constant speed. Neglecting the weight of the link AB 
and knowing that the coefficient of kinetic friction between the disk 
and the belt is 0.40, determine the angular acceleration of the disk while 
slipping occurs. 
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B 


PROBLEM 16.31 

Solve Problem 16.30, assuming that the direction of motion of the belt 
is reversed. 

PROBLEM 16.30 The 180-mm disk is at rest when it is placed in 
contact with a belt moving at a constant speed. Neglecting the weight 
of the link AB and knowing that the coefficient of kinetic friction 
between the disk and the belt is 0.40, determine the angular acceleration 
of the disk while slipping occurs. 
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PROBLEM 16.32 

In order to determine the mass moment of inertia of a flywheel of 
radius 600 mm, a 12-kg block is attached to a wire that is wrapped 
around the flywheel. The block is released and is observed to fall 3 m 
in 4.6 s. To eliminate bearing friction from the computation, a second 
block of mass 24 kg is used and is observed to fall 3 m in 3.1 s. 
Assuming that the moment of the couple due to friction remains 
constant, determine the mass moment of inertia of the flywheel. 
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PROBLEM 16.33 

The flywheel shown has a radius of 20 in. a weight of 250 lbs, and a 
radius of gyration of 15 in. A 30-lb block A is attached to a wire that is 
wrapped around the flywheel, and the system is released from rest. 
Neglecting the effect of friction, determine (a) the acceleration of block A, 
( b ) the speed of block A after it has moved 5 ft. 
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PROBLEM 16.34 






Each of the double pulleys shown has 

a mass moment of inertia of 15 lb • 

ft s 2 and is initially at rest. The 

outside radius is 18 in. 

, and the inner 

radius is 9 in. 

Determine (a) the angular acceleration of each pulley, 

(b) the angular velocity of each pulley after Point A on the cord has moved 10 ft. 

( 1 



( ' 

1/ 


A< 


A o 

Ac 

) Ac 

) 

y 

t 





160 lb 

160 lb 

4601b 3001b 80 lb 


(1) 

(2) 


(3) 

(4) 
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PROBLEM 16.35 

Each of the gears A and B has a mass of 9 kg and has a radius of 
gyration of 200 mm; gear C has a mass of 3 kg and has a radius of 
gyration of 75 mm. If a couple M of constant magnitude 5 N-m is 
applied to gear C, determine (a) the angular acceleration of gear A, 
(b) the tangential force which gear C exerts on gear A. 
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PROBLEM 16.36 

Solve Problem 16.35, assuming that the couple M is applied to disk A. 

PROBLEM 16.35 Each of the gears A and B has a mass of 9 kg and 
has a radius of gyration of 200 mm; gear C has a mass of 3 kg and 
has a radius of gyration of 75 mm. If a couple M of constant 
magnitude 5 N-m is applied to gear C, determine (a) the angular 
l°° mm acceleration of gear A, (b) the tangential force which gear C exerts 

on gear A. 
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PROBLEM 16.37 

Gear A weighs 1 lb and has a radius of gyration of 1.3 in; Gear B 
weighs 6 lb and has a radius of gyration of 3 in.; gear C weighs 9 lb 
and has a radius of gyration of 4.3 in. Knowing a couple M of constant 
magnitude of 40 lb ■ in is applied to gear A, determine ( a ) the angular 
acceleration of gear C, ( b ) the tangential force which gear B exerts on 
gear C. 


SOLUTION 

Masses and moments of inertia. 


m, = 


1 IK 

= 0.031056 lb - s 2 /ft 


32.2 ft/s 2 

61 b 

32.2 ft/s 2 


= 0.18634 lb • s /ft 


Q IK 

= 0.27950 lb • s 2 /ft 


C 32.2 ft/s 2 


l A = m A kl = (0.031056 lb • s 2 /ft) 


= 0.36448xl0~ 3 lb s 2 -ft 


1.3 in. 
12 in./ft 


I B = m B k B = (0.18634 lb • s 2 /ft) 


= 11.646xl0 -3 lb• s 2 • ft 


I c = m c kf = (0.27950 lb • s 2 /ft) 


= 35.889xl0~ 3 lb -s 2 ft 


3 in. 
12 in./ft 


4.3 in. 
12 in./ft 


Gear A: 

r a = 2 in. 

Gear B: 

jj -4 in., 

Gear C: 

r c =6 in. 


Point of contact between A and B. 


a , = r A a A = r \ a B 


a 


A — a B — ia, b 
r. 2 in. 


4 in. 


CCn 
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PROBLEM 16.37 (Continued) 


Point of contact between B and C. 


a i ~ r 2 a B ~ T C a C 

6 in. 


a R = — a r = 


c ~ 0 . a c 
2 in. 


Summary. 


a B = 3 a c 


a A = 2 a B = 6 a c 



At 


= 20 lb-0.013121or r 


Gear B: 


Gear C: 



20 = 0.153824^ 


(a) Angular acceleration of gear C. 

( b ) Tangential force which gear B exerts on gear C. 

F bc = 40 lb - (0.23587X130.0) = 9.33 lb 


( 1 ) 

(2) 



( 3 ) 




a c - 130.0 rad/s 2 J A 
9.331b ◄ 
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PROBLEM 16.38 

Disks A and B are bolted together, and cylinders D and E are 
attached to separate cords wrapped on the disks. A single cord 
passes over disks B and C. Disk A weighs 20 lb and disks B and 
C each weigh 12 lb. Knowing that the system is released from 
rest and that no slipping occurs between the cords and the disks, 
determine the acceleration (a) of cylinder D, (b) of cylinder E. 


SOLUTION 

Masses and moments of inertia. 




g 32.2 ft/s 2 


1 5 IK 

■ = 0.46584 lb • s 2 /ft 


181b 


nip = - 


g 32.2 ft/s 
Assume disks have uniform thickness. 


- = 0.55901 lb s 2 /ft 


1 2 1 20 lb 

I A = —m A r A =— 


2 32.2 ft/s 2 l 12 


—ft = 0.138026 lb -s' ft 


, 1 2 1 121b 

Ir = — m K r R — -- 

2 2 32.2 ft/s 2 


—ft = 0.046584 lb • s • ft 
12 


Kinematics: 


I C =I B = 0.046584 lb • s 2 • ft 
I AB =I A + I B = 0.184610 lb s 2 - ft 

a D = a D 1> a £ = a E I’ a AB ~ a AB ^) ’ ®C = a C ) 


For inextensible cord between disk A and cylinder D, 


a D = ( a t) A = h a AB = 


For inextensible cord between disks B and C, 


12 


ft \a AB =0.66667 a AB 


r 2 

a c ~ a AB ~ 


6 in. 
6 in. 


For inextensible cord between disk C and cylinder E. 

6 


a E ~ (a,) D ~ 


12 


ft | a c = 0.5 a AB 


( 1 ) 


(2) 
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PROBLEM 16.38 (Continued) 


Kinetics. 

Let The the tension in the cord between 
disks B and C. 

+ >M B =Z(M B ) eff : r\W D -r 2 T = l A 


T=lKW D Iab(XaB r l m D a D 



T = ^W n 


AB , ' n D '1 


- + 


a. 


8 in. 
6 in. 


(15 lb) - 


0.184610 (0.46584X8/12)^ 


6/12 


6/12 


a. 


r = 20 lb -0.78330a 


AB 


( 3 ) 


+ >M c =E(M c ) cff : 


r 3 T - - l c a c + r 3 m E a E 


t = w e + 


1 c 

- \-?n E r 2 


a. 






T = 181b + l 0 046584 
6/12 

r = 181b + 0.37267ct. 


+ (0.55901X6/12) 




AS 


( 4 ) 


Subtracting Eq. (4) from Eq. (3) to eliminate T, 

0 = 21b-l.15597 a AB 

(a) Acceleration of cylinder D. 

From Eq. (1), a D = (0.66667)(7.7301) 

( b ) Acceleration of cylinder E. 

From Eq. (2), a E = (0.5)(1.7301) 


a AB = 1-7301 rad/s' 


a c =1.153 ft/s 2 j ■A 
a E =0.865 ft/s 2 
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PROBLEM 16.39 

A belt of negligible mass passes between cylinders A and B and is pulled to 
the right with a force P. Cylinders A and B weigh, respectively, 5 and 
20 lb. The shaft of cylinder A is free to slide in a vertical slot and the 
coefficients of friction between the belt and each of the cylinders are 
ju s = 0.50 and jj k = 0.40. For P = 3.6 lb, determine (a) whether slipping 
occurs between the belt and either cylinder, ( b ) the angular acceleration of 
each cylinder. 
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PROBLEM 16.39 (Continued) 


Check that belt does not slip. 

From (2): 

From (4): 

But 

Since F e > F m , assumption is wrong. 


F a =-(0.864) = 0.720 lb 

6 

F e — P - F a - 3.60 - 0.720 = 2.88 lb 
F m = jU s N = 0.50(5 lb) = 2.50 lb 


Slipping occurs between disk B and the belt . M 


We redo analysis of B, assuming slipping . 

F b =jU k N = 0.40(5 lb) = 2 lb 
+)lM G =I(M G ) eff : (21b) 


1 

2' 


ftl--—f— 

12 J2 g \12 


OCt) 


a B =0.3 g. 



Belt Eq. (4): 


P-F a -F b = 0 

Fa=P~F B 
= 3.60-2 
= 1.60 lb 


Since F a < F m , 

Our analysis of disk A, therefore is valid. Using Eq. (2), 

We have 1.601b = — —— 

6 g 

a A =1.92 g 


There is no slipping between A and the belt . M 


a A - 61.8 rad/s° M 
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PROBLEM 16.40 

Solve Problem 16.39 for P = 2.00 lb. 

PROBLEM 16.39 A belt of negligible mass passes between cylinders A and 
B and is pulled to the right with a force P. Cylinders A and B weigh, 
respectively, 5 and 20 lb. The shaft of cylinder A is free to slide in a vertical 
slot and the coefficients of friction between the belt and each of the cylinders 
are ju s =0.50 and fl k =0.40. For P = 3.60 lb. determine (a) whether slipping 
occurs between the belt and either of the cylinders, (b) the angular acceleration 
of each cylinder. 
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PROBLEM 16.40 (Continued) 


From (2): 

F a = — (0.480) = 0.400 lb 

6 



From (4): 

20 

F b =—(0.480) = 1.600 lb 

6 



But 

F m = /i s N = 0.50(5 lb) = 2.50 lb 



Thus, F a and F B are 

both < F m . Our assumption was right: 



There is no slipping 

between cylinders and belt 

a A =15.46 rad/s 2 

< 

From (1): 


a B = 7.73 rad/s 2 __ 

◄ 
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PROBLEM 16.41 

/ \80 mm 

\ /60 mm/ \ 


B 

Disk A has a mass of 6 kg and an initial angular velocity of 360 rpm 



clockwise; disk B has a mass of 3 kg and is initially at rest. The disks 

K Jk 


are brought together by applying a horizontal force of magnitude 20 N 

/ J 


to the axle of disk A. Knowing that ju k = 0.15 between the disks and 



neglecting bearing friction, determine (a) the angular acceleration of 

each disk, ( b ) the final angular velocity of each disk. 
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PROBLEM 16.42 


X A \ 

\80 mm 60 mm/\ 

' (b f *5< \ 

mm 


Solve Problem 16.41, assuming that initially disk A is at rest and disk B 
has an angular velocity of 360 rpm clockwise. 

PROBLEM 16.41 Disk A has a mass of 6 kg and an initial angular 
velocity of 360 rpm clockwise; disk B has a mass of 3 kg and is initially 
at rest. The disks are brought together by applying a horizontal force of 
magnitude 20 N to the axle of disk A. Knowing that ju k =0.15 between 
the disks and neglecting bearing friction, determine (a) the angular 
acceleration of each disk, ( b ) the final angular velocity of each disk. 
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PROBLEM 16.43 

Disk A has a mass m A — 3 kg, a radius r A — 300 mm, and an initial angular 
velocity 0 ) {] = 300rpm clockwise. Disk B has a mass m B =1.6 kg, a radius 
r B =180 mm, and is at rest when it is brought into contact with disk A. 
Knowing that ju k = 0.35 between the disks and neglecting bearing friction, 
determine (a) the angular acceleration of each disk, ( b ) the reaction at the 
support C. 
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— 


PROBLEM 16.44 



[A 


B 


]y r B 

Disk B is at rest when it is brought into contact with disk A, which has an initial 




angular velocity C0q. (a) Show that the final angular velocities of the disks are 

. ' A 



independent of the coefficient of friction jj. k between the disks as long as ju k ^ 0. 

/ j 


r X 

Ja 

(b) Express the final angular velocity of disk A in terms of coq and the ratio m A /m R 

( fflof 

«rj 


of the masses of the two disks. 

C ,j»- 


A_ 



SOLUTION 

(a) Disk B. 



Disk A. 


Disk B. 


CO A — (0^ (X ; / — 0)q 


co B = a B t - t ) 


2 ^ k S m B t 


( 1 ) 


(2) 

( 3 ) 

( 4 ) 
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(a) 


PROBLEM 16.44 (Continued) 


When disks have stopped slipping: 


TYl 

“hr A -(2ju k g)-?-t = 2ju k gt 
m. 


t = - 


OXJ 


'O'A 


1 


t = 


2 M k g 1 + ^ 

m A 

(0 Q r A m A 


2 UkS m A + m B 

Substituting for t from (5) into (3) and (4): 

2 MkS m B O) 0 r A 


^ a ~ 


r A m A 2 MkS m A +m B 



m A + m B 


CO. = CO, 


'0 ' 


CO. — CO, 


m. 


m A + m B 


'0 ' 


m A + m B 


) 


COn = 


2 VkS °b r A m A 
r A 2 Mk§ m A +m B 


CQff — CO( 


'o' 


r B m A +m B 




(5) 


( 6 ) 

(7) 


From Eqs. (6) and (7), it is apparent that cOa and 0 ) B are independent of ///<. Flowever, if jll t = 0, we have 
from Eqs. (3) and (4) oo A = co {) j and co B = 0. 

(b) We can write (6) in the form co A = co 0 /( 1 + m B /m A ) v A 

which shows that co A depends only upon <y 0 an d m B /m A . 
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PROBLEM 16.45 

Cylinder A has an initial angular velocity of 720 rpm clockwise, and 
cylinders B and C are initially at rest. Disks A and B each weigh 5 lb 
and have a radius r — 4 in. Disk C weighs 20 lb and has a radius of 8 in. 
The disks are brought together when C is placed gently onto A and B. 
Knowing that ju k = 0.25 between A and C and no slipping occurs 
between B and C, determine (a) the angular acceleration of each disk, 
(b) the final angular velocity of each disk. 
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PROBLEM 16.46 

Show that the system of the effective forces for a rigid slab in plane motion reduces to a single vector, and 
express the distance from the mass center G of the slab to the line of action of this vector in terms of the 
centroidal radius of gyration k of the slab, the magnitude a of the acceleration of G, and the angular 
acceleration a. 
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PROBLEM 16.47 

For a rigid slab in plane motion, show that the system of the effective 
forces consists of vectors (Am,) a, -(Am,)<y 2 r,\ and (Am,)(axr') 
attached to the various particles P, of the slab, where a is the 
acceleration of the mass center G of the slab, w is the angular velocity 
of the slab, a is its angular acceleration, and r, denotes the position 
vector of the particle P n relative to G. Further show, by computing 
their sum and the sum of their moments about G, that the effective 
forces reduce to a vector ma attached at G and a couple I a. 
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PROBLEM 16.47 (Continued) 

Since a -L r', we have r'x (ax r') = r 2 a and 

E(r» xAm,-a,-) = I lr' 2 (Am i )a 
= (Hr' 2 Am t )a 

Since Hr' 2 Am,- = / H(r'x Am,-a,-) = la (2) 

From Eqs. (1) and (2) we conclude that system of effective forces reduce to ma attached at G and a 
couple la. 
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PROBLEM 16.48 

A uniform slender rod AB rests on a frictionless horizontal 
surface, and a force P of magnitude 0.25 lb is applied at A 
in a direction perpendicular to the rod. Knowing that the rod 
weighs 1.75 lb, determine (a) the acceleration of Point A, 
( b ) the acceleration of Point B, ( c ) the location of the point 
on the bar that has zero acceleration. 


SOLUTION 


W 




+.LF,=Z(FJ 


eff * 


12 g 


P - W - 
F = ma — —a 

g 

_ P 0.25 lb 

a = —g = - 

W 1.751b 


L h 

v, 


i 




= Ct 


e 


.18 


8=~g 


_ 1 
a = 7*' 


+>M c =I(M c ) eff : pL = Ia = ±-—L 2 a 

12 g 


a = 6 LL = 6 ™™.!L = *!L 

WL 1.751b L 1L 


. = ‘<) 

7 L" 


We calculate the accelerations immediately after the force is applied. After the rod acquires angular velocity, 
there will be additional normal accelerations. 


(a) Acceleration of Point A . 


=n + ^-a = l-g + ^~g =^-g = -^(32.2 ft/s 2 ) 


2 7 


(b) Acceleration of Point B . 

+ 


_ L 1 L 6 2 2 2x 

a B = a -cr = — g - g- —g = —(32.2 ft/s') 

B 2 7 2 7 7 7 


a, =18.40 ft/s 2 


a R = 9.20 ft/s 
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y 

PROBLEM 16.51 


B A force P is applied to a tape wrapped around a uniform 


s' disk that rests on a frictionless horizontal surface. Show 

-* -r-—, 

that for each 360° rotation of the disk the center of the 


disk will move a distance nr. 


ws' % 

P 
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PROBLEM 16.52 

A 250-lb satellite has a radius of gyration of 24 in. with respect to the 
y axis and is symmetrical with respect to the zx plane. Its orientation is 
changed by firing four small rockets A, B, C, and D, each of which 
produces a 4-lb thrust T directed as shown. Determine the angular 
acceleration of the satellite and the acceleration of its mass center G 
(a) when all four rockets are fired, ( b ) when all rockets except D are fired. 
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PROBLEM 16.53 (Continued) 

(b) a B = a + axr WG 

= +(1.2 m/s 2 )k - (11.52 rad/s)jx[(0.2 m)i +(0.15 m)k] 

= +(1.2 m/s 2 )k + (2.304 m/s 2 )k + (1.728 m/s 2 )i 

a B = (1.728 m/s 2 )i + (3.5 m/s 2 )k A 
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* 


T 


PROBLEM 16.55 



By pulling on the string of a yo-yo, a person manages to make the yo-yo spin, 
while remaining at the same elevation above the floor. Denoting the mass of 
the yo-yo by m, the radius of the inner drum on which tire string is wound by r, 
and the centroidal radius of gyration of the yo-yo by k , determine the angular 
acceleration of the yo-yo. 
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PROBLEM 16.56 

The 80-g yo-yo shown has a centroidal radius of gyration of 30 mm. The radius 
of the inner drum on which a string is wound is 6 mm. Knowing that at the instant 
shown the acceleration of the center of the yo-yo is 1 m/s 2 upward, determine 
(a) the required tension T in the string, ( b ) the corresponding angular acceleration 
of the yo-yo. 
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T B PROBLEM 16.57 

g A 6-lb sprocket wheel has a centroidal radius of gyration of 2.75 in. and 
is suspended from a chain as shown. Determine the acceleration of 
Points A and B of the chain, knowing that T A - 3 lb and T B - 4 lb. 


SOLUTION 


IV 


g 


mk 2 


( 61b 1 

( 2.75 in. \ 

1 32.2 ft/s 2 J 

v 12 in./ft J 


-9.7858x10 3 slug-ft 2 


r = 3.5 in. 

+| ZF v =X(F y ) eff : T A +T B -W = md 


^ (61b) _ 

Ta + T r - 6 lb = - - a 

^32.2 ft/s 2 J 

+| a = 5.3667 (T a +T b -6) 
+)IM g =X(M c ) eff : J = 


/* r 

(o / 



Given data: 


( T b -T a ) —ft = (9.7858xKT 3 slug-ft 2 )a 


+)a = 29.805 (T B -T A ) 


T a = 3 lb, = 4 lb 
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PROBLEM 16.58 

The steel roll shown has a mass of 1200 kg, a centriodal radius of 
gyration of 150 mm, and is lifted by two cables looped around its 
shaft. Knowing that for each cable T A =3100 N and T B - 3300 N, 
determine (a) the angular acceleration of the roll, (b) the acceleration 
of its mass center. 
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PROBLEM 16.59 

The steel roll shown has a mass of 1200 kg, has a centriodal 
radius of gyration of 150 mm, and is lifted by two cables looped 
around its shaft. Knowing that at the instant shown the 
acceleration of the roll is 150 mm/s 2 downward and that for each 
cable T a = 3000 N, determine (a) the corresponding tension T B , 
( b ) the angular acceleration of the roll. 
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PROBLEM 16.60 


J-B 

A 15-ft beam weighing 500 lb is lowered by means of two cables 
B unwinding from overhead cranes. As the beam approaches the 
ground, the crane operators apply brakes to slow the unwinding 
motion. Knowing that the deceleration of cable A is 20 ft/s 2 and 
the deceleration of cable B is 2 ft/s 2 , determine the tension in each 
cable. 
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PROBLEM 16.61 


A 15-ft beam weighing 500 lb is lowered by means of two cables 
unwinding from overhead cranes. As the beam approaches the 
ground, the crane operators apply brakes to slow the unwinding 
motion. Knowing that the deceleration of cable A is 20 ft/s 2 and 
the deceleration of cable B is 2 ft/s 2 , determine the tension in each 
cable. 
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PROBLEM 16.62 

Two uniform cylinders, each of weight W — 14 lb and radius r — 5 in., 
are connected by a belt as shown. If the system is released from rest, 
determine (a) the angular acceleration of each cylinder, (b) the tension 
in the portion of belt connecting the two cylinders, (c) the velocity of the 
center of the cylinder A after it has moved through 3 ft. 


SOLUTION 


Kinematics 

Let a 4 = a A be the acceleration of the center of cylinder A, a AB = a AB , be acceleration of the cord between 
the disks, a A = a A be the angular acceleration of disk A, and a B — a B be the angular acceleration of disk B. 


a A = ra A (!) 

a AB = a A + ra A = 2ra A = ra B (2) 


Masses and moments of inertia 


m A = m B = m 



( 3 ) 

( 4 ) 


Kinetics'. Let T AB be the tension in the portion of the cable between disks A and B. 


Disk A: = X(M P ) eff : rW A - 2rT AB = rm A a A + I A a A 



( 5 ) 
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PROBLEM 16.62 (Continued) 


(a) 

Angular accelerations. 

= 32.2 ft/s = 22 og rad/s 

Mfeft) 

a A - 22.1 rad/s 1 -4 



5? 

CN 

II 

5? 

a B -44.2 rad/s 2 4 

(b) 

Tension T AB . 

_ W _ 141b 

AB ~ 3.5 ~~ 3.5 

T ab = 4.00 lb ◄ 

(c) 

Velocity of the center of A. 

a =—a A = —(22.08) = 9.20 ft/s 2 

A 12 A 12 

Va =[(v a ) 0 ] 2 +2 a A d A 

= 0 + (2)(9.20 ft/s)(3 ft) = 55.2 ft 2 /s 2 




v A = 7.43 ft/s 

v A = 7.43 ft/s J ◄ 
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PROBLEM 16.64 

A beam AB of mass m and of uniform cross section is suspended 
from two springs as shown. If spring 2 breaks, determine at that 
instant (a) the angular acceleration of the beam, ( b ) the acceleration 
of Point A, (c) the acceleration of Point B. 
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PROBLEM 16.65 


A beam AB of mass m and of uniform cross section is suspended from two springs as shown. If spring 
2 breaks, determine at that instant (a) the angular acceleration of the bar, (b) the acceleration of Point A, 
(c) the acceleration of Point B. 
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PROBLEM 16.65 (Continued) 




Accelerations of A and B 




A & 6 4- t G A —? "V-t; 


B 


-rr-i + *^v* 




Translation + Rotation about G 



(b) 

Acceleration of A: 




a A = a c +a A/c = [0.866#*—] +[0.5# T ] + |j- 

(0 



= [0.866# —] + 0 


a A =0.866# -— 4 

(c) 

Acceleration of B: 




a B = a G + a B/G = [0.866#*—] +[0.5# T ] + |j- 

(0 



= [0.366# -—] + [# J] 


a B =1.323# 7^49.1° ◄ 
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PROBLEM 16.66 (Continued) 


(a) 

*4 = a c +a uc= a \ + ^a\ 



a A = —1+ 

A 2 + 2\2b) 4 1 

a A=\s\< 

(b) 

& B ~ a G +a BIG = 3 r + ~ a r 



1 | 5 | 

a » = l si+ 

a B=^§\< 
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PROBLEM 16.68 

A thin plate of the shape indicated and of mass m is suspended 
from two springs as shown. If spring 2 breaks, determine the 
acceleration at that instant (a) of Point A, ( b ) of Point B. 

A rectangular plate of height b and width a. 


SOLUTION 




Kinetics: 


T 2 = o 


Since there is no time for displacements to occur, the tension in spring 1 remains equal to 

7j = mg sin 45° 


Then 


T,= 


'1 


1 * 

-mg-— 

+ 

-mg 

2 J 


2 J 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1505 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1506 





PROBLEM 16.69 

A sphere of radius r and mass m is projected along a rough horizontal surface with the 
initial velocities indicated. If the final velocity of the sphere is to be zero, express, in 
terms of vo, r, and fi k , (a) the required magnitude ofoo 0 , (b) the time t\ required for 
the sphere to come to rest, (c) the distance the sphere will move before coming to rest. 
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PROBLEM 16.69 (Continued) 


For a solid sphere 

T2 2 2 
k = —r 

5 


(a) Eq. (3): 

r 5 v 0 

"0 - 2 2 V 0 - ° 

? r 2 > 

5 v 0 x . 

“o——; < 

2 r 

(b) Eq. (1) 


▼ 

_ 60 
- ^ 

II 

(0 Eq. (4) 


2 

^ = v ° ◄ 

2 Mt8 
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PROBLEM 16.70 


Solve Problem 16.69, assuming that the sphere is replaced by a uniform thin hoop 

It v ° \ 

of radius r and mass m. 

vs 

PROBLEM 16.69 A sphere of radius r and mass m is projected along a rough 
horizontal surface with the initial velocities indicated. If the final velocity of 
the sphere is to be zero, express, in terms of v 0 , r, and /u k , (a) the required magnitude 



of co 0 , (b) the time t\ required for the sphere to come to rest, (c) the distance the 
sphere will move before coming to rest. 
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PROBLEM 16.70 (Continued) 


For a hoop, 

k — r 


(a) Eq. (3): 

r v 0 

CO 0 = — r 0 =-4. 
r r 

®o= —} < 
r 

(b) Eq. (1): 


▼ 

_ Go 
* 

II 

(c) Eq. (4): 


2 MkS 
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PROBLEM 16.71 

A bowler projects an 8-in.-diameter ball weighing 12 lb along an alley with a 
forward velocity v 0 of 15 ft/s and a backspin co 0 of 9 rad/s. Knowing that the 
coefficient of kinetic friction between the ball and the alley is 0.10, determine 
(i a ) the time t\ at which the ball will start rolling without sliding, (b) the speed of 
the ball at time 0, (c) the distance the ball will have traveled at time t\. 
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PROBLEM 16.71 (Continued) 


(b) Eq. (2): 

n =v 0 -/i k gt l 
= 15-0.1(32.2)(1.5972) 

vj =15-5.1429 

= 9.857 ft/s 

v t = 9.86 ft/s ◄ 

(c) 

a = Hk g = 0- 1 (32-2 ft/s 2 ) = 3.22 ft/s 2 — 



1-2 

-±~ ■'M = Vl - ~ at l 



= (15 ft/s)(l.597 s) -^(3.22 ft/s 2 )(1.597 s) 2 

= 23.96-4.11 = 19.85 ft 

s l = 19.85 ft ◄ 
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PROBLEM 16.72 



Solve Problem 16.71, assuming that the bowler projects the ball with the same forward 
velocity but with a backspin of 18 rad/s. 

PROBLEM 16.71 A bowler projects an 8-in.-diameter ball weighing 12 lb along an 
alley with a forward velocity v 0 of 15 ft/s and a backspin co 0 of 9 rad/s. Knowing that 
the coefficient of kinetic friction between the ball and the alley is 0.10, determine 
(a) the time t\ at which the ball will start rolling without sliding, ( b ) the speed of the 
ball at time t\, (c) the distance the ball will have traveled at time t\. 
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■*> 


V I 


PROBLEM 16.73 

A uniform sphere of radius r and mass m is placed with no initial velocity 
on a belt that moves to the right with a constant velocity Vi. Denoting by 
jUk the coefficient of kinetic friction between the sphere and the belt, 
determine (a) the time t\ at which the sphere will start rolling without 
sliding, (b) the linear and angular velocities of the sphere at time t\. 
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Vo 



PROBLEM 16.74 

A sphere of radius r and m has a linear velocity Vo directed to the left and no 
angular velocity as it is placed on a belt moving to the right with a constant 
velocity Vi. If after first sliding on the belt the sphere is to have no linear 
velocity relative to the ground as it starts rolling on the belt without sliding, 
determine in terms of V\ and the coefficient of kinetic friction fi k between 
the sphere and the belt (a) the required value of Vo, (b) time t\ at which the 
sphere will start rolling on the belt, (c) the distance the sphere will have 
moved relative to the ground at time t\. 
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PROBLEM 16.74 (Continued) 


Distance when t = t x : 


+ 1 2 

^ s = v oh~2 at i 


2 

5 Vl 


2vj 


5 


M k S 


\^MkS ) 
v 25 25 


■~(Pk8) 


2 \\ 

y^MkS j 


o 2 
2 V 1 

25 M k S 


◄ 
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PROBLEM 16.CQ4 


A cord is attached to a spool when a force P is applied to the cord as shown. Assuming the spool rolls without 
slipping, what direction does the spool move for each case? 


Case 1: 

Case 2: 

Case 3: 

Case 1 Case 2 Case 3 


(a) 

left 

( b ) right 

(c) 

It would not move. 

(a) 

left 

(b) right 

(c) 

It would not move. 

(a) 

left 

(b) right 

(c) 

It would not move. 


SOLUTION 

Answer: 

Case 1: ( a ) 
Case 2: ( a ) 
Case 3: ( b ) 
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PROBLEM 16.CQ5 

A cord is attached to a spool when a force P is applied to the cord as shown. Assuming the spool rolls without 
slipping, in what direction does the friction force act for each case? 


Case 1: 

(a) left 

( b ) right 

(c) 

The friction force would be zero. 

Case 2: 

(a) left 

(b) right 

(c) 

The friction force would be zero. 

Case 3: 

(a) left 

(b) right 

( c ) 

The friction force would be zero. 


% 

Case 1 Case 2 Case 3 


SOLUTION 

Answer: 

Case 1: (b) 
Case 2: (b) 
Case 3: (b) 
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PROBLEM 16.CQ6 


A front wheel drive car starts from rest and accelerates to the right. Knowing that the tires do not slip on the 
road, what is the direction of the friction force the road applies to the front tires? 

(a) left 

(b) right 

(c) The friction force is zero. 
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PROBLEM 16.CQ7 


A front wheel drive car starts from rest and accelerates to the right. Knowing that the tires do not slip on the 
road, what is the direction of the friction force the road applies to the rear tires? 

(a) left 

(b) right 

(c) The friction force is zero. 
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PROBLEM 16.F5 

A uniform 6 X 8-in. rectangular plate of mass m is pinned at A. Knowing the 
angular velocity of the plate at the instant shown is co, draw the FBD and KD. 

8 in. 


I 
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PROBLEM 16.F6 

Two identical 4-lb slender rods AB and BC are connected 
by a pin at B and by the cord AC. The assembly rotates in 
a vertical plane under the combined effect of gravity and 
a couple M applied to rod AB. Knowing that in the 
position shown the angular velocity of the assembly is co, 
draw the FBD and KD that can be used to determine the 
angular acceleration of the assembly and the tension in 
cord AC. 


SOLUTION 


Answer: 

,c 


1 — 1 BC a 

1 i<y , 

v. ^ — c. m( "' 1 

A m(<D J r,) 1 1 l AB a 

A A, j J 

41b 

m(ar,) 
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PROBLEM 16.F7 

The 4-lb uniform rod AB is attached to collars of negligible mass 
which may slide without friction along the fixed rods shown. 
Rod AB is at rest in the position 6 = 25° when an horizontal 
force P is applied to collar A causing it to start moving to the 
left. Draw the FBD and KD for the rod. 
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PROBLEM 16.F8 

A uniform disk of mass m — 4 kg and radius r = 150 mm 
is supported by a belt ABCD that is bolted to the disk at 
B and C. If the belt suddenly breaks at a point located 
between A and B, draw the FBD and KD for the disk 
immediately after the break. 
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PROBLEM 16.76 


A 


A uniform slender rod of length L = 900 mm and mass m — 4 kg is suspended 
from a hinge at C. A horizontal force P of magnitude 75 N is applied at end B. 
Knowing that T = 225 mm, determine (a) the angular acceleration of the rod, 
(b) the components of the reaction at C. 


p 

B " 
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PROBLEM 16.77 

In Problem 16.76, determine (a) the distance 7 for which the horizontal component of the reaction at C is 
zero, (b) the corresponding angular acceleration of the rod. 
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PROBLEM 16.78 


A uniform slender rod of length L- 36 in. and weight W — 4 lb hangs freely from a hinge 
at A. If a force P of magnitude 1.5 lb is applied at B horizontally to the left (h — L), 
determine (a) the angular acceleration of the rod, (b) the components of the reaction at A. 
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PROBLEM 16.79 



In Problem 16.78, determine (a) the distance h for which the horizontal component of the 
reaction at A is zero, ( b ) the corresponding angular acceleration of the rod. 

PROBLEM 16.78 A uniform slender rod of length L- 36 in. and weight W — 4 lb hangs 
freely from a hinge at A. If a force P of magnitude 1.5 lb is applied at B horizontally to the 
left (h — L), determine (a) the angular acceleration of the rod, ( b ) the components of the 
reaction at A. 
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PROBLEM 16.80 

The uniform slender rod AB is welded to the hub D. and the system 
rotates about the vertical axis DE with a constant angular velocity co, 

(a) Denoting by co the mass per unit length of the rod, express the 
tension in the rod at a distance z from end A in terms of w, /, z, and co, 

( b ) Determine the tension in the rod for w — 0.3 kg/m, / = 400 mm, 
z — 250 mm, and co = 150 rpm. 


SOLUTION 

Consider motion in the horizontal plane. Since co is constant, the angular acceleration is zero. Only normal 
acceleration, i.e., along the rod occurs. For a section defined by the coordinate z, the acceleration of the mass 
center of the portion extending from z to the section is 

a = car = (l - z!2)or 


Kinetics. The mass of the section is 

m = wz 


(a) 


« 


P I T \ 

i — ± .1 






co 


- % 


-i*. 'LF = ZF eff : T — ma 


(l--)co 2 

T — w 

( z 2 ] 

lz~ — 

l 2 J 


{ 2 J 


co 1 -4 


(b) Data: 


co = 150 rpm = 


(150)(2^r) 

60 


= 5 n rad/s 


z = 0.250 m, 1 = 0.400 m, w = 0.3 kg/m 

(0.25 m) 2 


T = (0.3 kg/m) 


(0.4 m)(0.25 m) ■ 


(5 n rad/s) 2 = 5.09 N 


T = 5.09N ◄ 
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PROBLEM 16.81 

The shutter shown was formed by removing one quarter of a disk of 
0.75-in. radius and is used to interrupt a beam of light emanating from a 
lens at C. Knowing that the shutter weighs 0.125 lb and rotates at the 
constant rate of 24 cycles per second, determine the magnitude of the 
force exerted by the shutter on the shaft at A. 


SOLUTION 

See inside front cover for centroid of a circular sector. 

_ 2rsincr 

r — - 

3 a 

_ 2(0.75 in.)sin(j^) 

r_ 3(p) 

7 = 0.15005 in. 
a n = rar 
co- 24 rad/s 
= 24(2;r) rad/s 
m = 150.8 rad/s 

7/ Y.F = £F eff : R = ma n = mTor 

_ (0.125 lb) f O .15005 A 
~ 32.2 ft/s 2 l 12 ) 





Force on shaft is 


R = 1.1038 lb/ 
R = 1.104 lb / 


Magnitude: 


R = 1.104 lb ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1532 





PROBLEM 16.82 

^ 8 in. 


A 6-in.-diameter hole is cut as shown in a thin disk of 15-in.-diameter. The disk 
rotates in a horizontal plane about its geometric center A at the constant rate of 

idB—___ 

480 rpm. Knowing that the disk has a mass of 60 lb after the hole has been cut, 


determine the horizontal component of the force exerted by the shaft on the 

V ^ 4 ,c 

disk at A. 
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PROBLEM 16.83 

A turbine disk of mass 26 kg rotates at a constant rate of 9600 rpm. 
Knowing that the mass center of the disk coincides with the center of 
rotation O, determine the reaction at O immediately after a single blade 
at A, of mass 45 g, becomes loose and is thrown off. 


SOLUTION 

co- 9600 rpm —1 

UoJ 

co = 320 n rad/s 

l 

V** 

( t> 


v ) 






Consider before it is thrown off. 




ilF = IF eff : 

R — ma n — in F ox 




= (45 x 10 -3 kg)(0.3 m)(320 n) 

2 



R = 13.64 kN 



Before blade was thrown off, the disk was balanced (R = 0). Removing 

vane at A also removes its reaction, 

so disk is unbalanced and reaction is 



R = 13.64 kN — ◄ 
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A 



L 


w 



PROBLEM 16.84 

A uniform rod of length L and mass m is supported as shown. 
If the cable attached at end B suddenly breaks, determine 
(a) the acceleration of end B, (b) the reaction at the pin support. 
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PROBLEM 16.85 


h*=H c 


A uniform rod of length L and mass m is supported as shown. If 
the cable attached at end B suddenly breaks, determine (a) the 
acceleration of end B, ( b ) the reaction at the pin support. 
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PROBLEM 16.86 (Continued) 


(b) Reaction at A. 

+.XF v =I(F t ) eff : 

A , = ma n ~ ^ r, ( 20 °) 




A x = -74.53 lb 

A x = 74.5 lb — ◄ 


+j£F v =I(F v ) eff : 

A y + P-W = ma t 



A — W + ma t 

P = 12+ 12 (15) 9.02 = 8.57 lb 

32.2 

A v =8.57 lb ◄ 
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PROBLEM 16.87 

A \ 

/ 80 mm \ 

a u A 1.5-kg slender rod is welded to a 5-kg uniform disk as shown. The 


1 _| 

assembly swings freely about C in a vertical plane. Knowing that in 


the position shown the assembly has an angular velocity of 10 rad/s 

V / 

—120 mm — 

clockwise, determine (a) the angular acceleration of the assembly, 


( b ) the components of the reaction at C. 


SOLUTION 

Kinematics: 


Kinetics: 


a n = ( CG)co 2 = (0.14 m)(10 rad/s 2 ) 

a„ = 14 m/s 2 ~>— 

a, = (CG)a = (0.14m)a T 

4sk=-^disk(CG) 2 

= ~(5 kg)(0.08 m) 2 

= 16xl0 _3 kg- m 2 
I AB = 22 m AB^ A B) 

= ^d-5 kg)(0.12 m) 2 
= 1.8xlO~ 3 kg • m 2 




(a) Angular acceleration . 

+>M C = X(M C ) eff : 

(0.14 m) = 7 disk « + m AB a, (0.14 m) + T AB a 
(1.5 kg)(9.81 m/s 2 )(0.14 m) = / disk « + (1.5 kg)(0.14 m fa + J AB a 
2.060 N • m = (16x10 3 + 29.4x10 3 + 1.8xlO~ 3 )cr 
2.060 N - m = (47.2xl0~ 3 kg • m 2 )a 

a = 43.64 rad/s 2 a = 43.6 rad/s 2 f) A 
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PROBLEM 16.87 (Continued) 

( b) Components of reaction of C . 

±^LF x =JiF x \ ff : C x = -m AB a n =-( 1.5 kg)(14 m/s 2 ) 

C x = -21.0 N C x = 21.0 N — ◄ 

+| ZF v =X(F,) eff : a, = (0.14 m)(a) 

C y - ™disk 8 - m AB§ = ~ m A B a, 

C y - (5 kg)9.81 - (1.5 kg) 9.81 = -(1.5 kg)(0.14 m)(43.64 rad/s 2 ) 

C v - 49.05 N -14.715 N = -9.164 N 

C v = +54.6 N C v = 54.6 N \ ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1540 





PROBLEM 16.88 

Two uniform rods, ABC of weight 6-lb and DCE of weight 8-lb, are 
connected by a pin at C and by two cords BD and BE. The T-shaped 
assembly rotates in a vertical plane under the combined effect of 
gravity and of a couple M which is applied to rod ABC. Knowing that 
at the instant shown the tension in cord BE is 2 lb and the tension in 
cord BD is 0.5 lb, determine (a) the angular acceleration of the assembly, 
(b) the couple M. 


SOLUTION 


We first consider the entire system and express that the external forces are equivalent to the effective forces of 
both rods. 

(a ac ), = 0.75 a 
( a DE\ ~ 1-5 oc 

1-5 ft) 


121 32.2 


= 34.938 xl0~ 3 slug- ft 2 


12 y32.2, 
82.816xl0~ 3 slug ft 2 


+)I.M a = I.(M A ) eff : 




^(a D£ ),(1.5) 

M = 34.938 x 10 3 a + —(0.75ctr)(0.75) + 82.816 x 10 3 ctrn—(1.5a)(l .5) 


32.2 


32.2 


M = 0.78157cr 

We now consider rod DE alone: 


( 1 ) 
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PROBLEM 16.88 (Continued) 



+>M c =I(M c ) eff : 

(1 ft)dft) = J DE<X 




0.6 (T be -T bd ) = 82.816x10~ 3 « 
Tbe-Tbd = 0.13803 a 

(2) 

Given data: 

(a) Annular acceleration. 

t b D = °-5 lb 

t be = 2 lb 



Substitute into (2): 

2 - 0.5 = 0.13803 cr 

a = 10.87 rad/s 2 A 

(b) 

Couple M. 

Carry value of a into (1): 

M = 0.78157 (10.868) = 8.4938 ft • lb 

M = 8.49ft-lb") ◄ 
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PROBLEM 16.89 

The object ABC consists of two slender rods welded together at Point B. Rod A B has a 
weight of 2 lb and bar BC has a weight of 4 lb. Knowing the magnitude of the angular 
velocity of ABC is 10 rad/s when 0 = 0, determine the components of the reaction at 
Point C when 9 = 0. 


SOLUTION 

Masses and lengths : W AB = 2 lb, L AB - 1 ft, W BC — 4 lb, L BC = 2 ft 


Moments of inertia: 


1 


T _ 1 f 2 _ 1 

I AD - TH A bL, A T> - 


AB 12 AB AB 12132.2 j 


/ __L c- __L 

* Rr — _ Wl Rr L, Rr — . _ 


BC ~ 12 BC BC 12[3Z2 


(l) 2 =5.1760xl0^slug-ft 


(2) 2 = 41.408xl0 _3 slug - ft 2 


Geometry : 


'CD 


- \]l 2 +0.5 2 = 2.0616 ft 

1 


r CE ~ 2 ^AB - 1 ft 


Kinematics: 


„ 0.5 

tan B =- 

2 

p = 14.036° 

Let a- a ) be the angular acceleration of object ABC. 
(*ab\ = r c D a P 

( a AB\i =r CD°j \f P 

( & Bc\ ~ r CE a *" 

( a sc);i = rCE® | 


Kinetics : +^1M C = + > )E(M c ) 


eff W AB AB -IAB a+r CD m AB^ a AB)t 





D 


r 




T 


Tfl c cf. 


Bell 

*1' 


5.* 


4 . 


pi 


^9 6 c) t 


+ I BC (X + r CE m BC ( a BC ), 

i Y ■ 2 




(2)(0.5) = 


(5.1760xl0' 3 ) + 


32.2 


~\I ar + + 1SC ™BC r CE 

/ 4 


(2.0616) 2 + (41.408x10“ 3 ) + 


32.2 


(1)" 


a 


a = 2.3 rad/s 2 f 
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PROBLEM 16.90 

A 3.5-kg slender rod AR and a 2-kg slender rod BC are connected 
by a pin at B and by the cord AC. The assembly can rotate in a 
vertical plane under the combined effect of gravity and a couple M 
applied to rod BC. Knowing that in the position shown the angular 
velocity of the assembly is zero and the tension in cord AC is equal 
to 25 N, determine (a) the angular acceleration of the assembly, 
( b ) the magnitude of the couple M. 
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PROBLEM 16.91 

A 9-kg uniform disk is attached to the 5-kg slender rod AB by means of 
frictionless pins at B and C. The assembly rotates in a vertical plane under 
the combined effect of gravity and of a couple M which is applied to rod 
AB. Knowing that at the instant shown the assembly has an angular velocity 
of 6 rad/s and an angular acceleration of 25 rad/s 2 , both counterclockwise, 
determine (a) the couple M, ( b ) the force exerted by pin C on member AB. 


SOLUTION 

We first consider the entire system and express that the external forces are equivalent to the effective forces of 
the disk and the rod. 

m R = 5 kg, m D = 9 kg 

W R = m D g = (5 kg)(9.81 m/s 2 ) = 49.05 N 

W D = m D g = (9 kg)(9.81 m/s 2 ) = 88.29 N 

Ir = -^-m s L 2 B =-^(5kg)(0.5 m) 2 = 0.104167 kg • m 2 

I D = \™ D r D = j( 9 kg)(0.2 m) 2 = 0.18 kg • m 2 

a R = (0.25 m )a 
a D = (0.5 m )a 




(a) XM a =Z(M A ) eff : M -W R (0.125) -W D (0.25) = I R a+m R (a R ) t (0.25) + I D a+m D (a D ) t (0.5) 

M - (49.05X0.125) - (88.29)(0.25) = 0.104167cr + (5)(0.25a)(0.25) + 0.18cr + (9)(0.5ctr)(0.5) 

M - 6.1312-22.073 = (0.10417 + 0.3125 + 0.18 + 2.25 )a 
M - 28.204 = (2.8467)(25) 

M= 99.370 N-m M=99.4N-m")4 
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PROBLEM 16.92 


Derive the equation £M C = I c a for the rolling disk of Figure 16.17, where Y.M c represents the sum of the 
moments of the external forces about the instantaneous center C, and I c is the moment of inertia of the disk 
about C. 
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PROBLEM 16.93 


Show that in the case of an unbalanced disk, the equation derived in Problem 16.92 is valid only when the 
mass center G, the geometric center O, and the instantaneous center C happen to lie in a straight line. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1550 






PROBLEM 16.94 

A wheel of radius r and centroidal radius of gyration k is released from rest on 
the incline and rolls without sliding. Derive an expression for the acceleration 
of the center of the wheel in terms of r, k, fJ. and g. 


SOLUTION 


la- mk 2 a 
nia — mra 



{mg sin [S)r — (mra)r + mk 1 a 
rg sin [i = (r 2 + k 2 )a 

rgsin/3 

r 2 +k 2 


a — ra — r 


rg sin ji 

7 r 7k 2 


2 . T2 

r + k 


g sin j3 4 
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PROBLEM 16.95 

( *p \ 



A homogeneous sphere S, a uniform cylinder C, and a thin 


•c 

• <• 

pipe P are in contact when they are released from rest on the 



s 

incline shown. Knowing that all three objects roll without 

p= 10° f 



slipping, determine, after 4 s of motion, the clear distance 
between (a) the pipe and the cylinder, (b) the cylinder and the 
sphere. 
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PROBLEM 16.96 

A 40-kg flywheel of radius R = 0.5 m is rigidly attached to a shaft of radius 
r — 0.05 m that can roll along parallel rails. A cord is attached as shown 
and pulled with a force P of magnitude 150 N. Knowing the centroidal 
radius of gyration is k — 0.4 m, determine (a) the angular acceleration of 
the flywheel, ( b ) the velocity of the center of gravity after 5 s. 
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PROBLEM 16.96 (Continued) 


(b) Velocity of center of gravity after 5 s. 

a =ra = (0.05 m)(l 1.911 rad/s 2 ) = 0.59555 m/s 2 
a = 0.59555 m/s 2 ^15° 

? = ? 0 + af = 0+ (0.59555 m/s 2 )(5 s) 

v = 2.98 m/s A. 15° ◄ 
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PROBLEM 16.97 

A 40-kg flywheel of radius R - 0.5 m is rigidly attached to a shaft of 
radius r — 0.05 m that can roll along parallel rails. A cord is attached as 
shown and pulled with a force P. Knowing the centroidal radius of 
gyration is k = 0.4 m and the coefficient of static friction is fi s = 0.4, 
determine the largest magnitude of force P for which no slipping will occur. 
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PROBLEM 16.97 (Continued) 


Let C be the contact point between the flywheel and the rails. 

+^TM C = E(M c ) eff : P(R + r) — mgrsinl5° = la + (ma)r 

P(R + r) — mgr sin 15° = (/ + mr 2 )a 

(0.55 m)P-(40 kg)(9.81 m/s 2 )(0.05 m) sin 15° 

= [6.4 kg • m 2 + (40 kg)(0.05 m) 2 ]a 

Solving Eqs. (1) and (2) simultaneously, 

P = 303 N a = 24.8 rad/s 2 


(2) 

P = 303 N ◄ 
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PROBLEM 16.98 

A drum of 60-mm radius is attached to a disk of 120-mm radius. 
The disk and drum have a total mass of 6 kg and a combined radius 
of gyration of 90 mm. A cord is attached as shown and pulled with 
a force P of magnitude 20 N. Knowing that the disk rolls without 
sliding, determine (a) the angular acceleration of the disk and the 
acceleration of G, ( b ) the minimum value of the coefficient of static 
friction compatible with this motion. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



1558 





PROBLEM 16.99 

A drum of 60-mm radius is attached to a disk of 120-mm radius. The 
disk and drum have a total mass of 6 kg and a combined radius of 
gyration of 90 mm. A cord is attached as shown and pulled with a force P 
of magnitude 20 N. Knowing that the disk rolls without sliding, 
determine (a) the angular acceleration of the disk and the acceleration of 
G, ( b ) the minimum value of the coefficient of static friction compatible 
with this motion. 
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PROBLEM 16.100 

A drum of 60-mm radius is attached to a disk of 120-mm radius. 

© 

The disk and drum have a total mass of 6 kg and a combined radius 
of gyration of 90 mm. A cord is attached as shown and pulled with 
W J' a force P of magnitude 20 N. Knowing that the disk rolls without 

sliding, determine (a) the angular acceleration of the disk and the 
acceleration of G, (b) the minimum value of the coefficient of static 
friction compatible with this motion. 
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i p PROBLEM 16.101 


A drum of 60-mm radius is attached to a disk of 120-mm radius. The disk 


and drum have a total mass of 6 kg and a combined radius of gyration of 


90 mm. A cord is attached as shown and pulled with a force P of 


magnitude 20 N. Knowing that the disk rolls without sliding, determine 

o 

(a) the angular acceleration of the disk and the acceleration of G, ( b ) the 


minimum value of the coefficient of static friction compatible with this 

V ® 

motion. 
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PROBLEM 16.102 

A drum of 4-in. radius is attached to a disk of 8-in. radius. The disk 
and drum have a combined weight of 10 lb and a combined radius of 
gyration of 6 in. A cord is attached as shown and pulled with a force P 
of magnitude 5 lb. Knowing that the coefficients of static and 
kinetic friction are jU s = 0.25 and ju k = 0.20, respectively, determine 
(a) whether or not the disk slides, (b) the angular acceleration of the 
disk and the acceleration of G. 
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PROBLEM 16.103 

A drum of 4-in. radius is attached to a disk of 8-in. radius. The disk and 
drum have a combined weight of 10 lb and a combined radius of gyration 
of 6 in. A cord is attached as shown and pulled with a force P of 
magnitude 5 lb. Knowing that the coefficients of static and kinetic 
friction are jU s = 0.25 and jU k = 0.20, respectively, determine (a) whether 
or not the disk slides, (b) the angular acceleration of the disk and the 
acceleration of G. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1563 





PROBLEM 16.104 

A drum of 4-in. radius is attached to a disk of 8-in. radius. The disk and 

® \ *1, 

drum have a combined weight of 10 lb and a combined radius of 
gyration of 6 in. A cord is attached as shown and pulled with a force P 
W J’ of magnitude 5 lb. Knowing that the coefficients of static and kinetic 

friction are fi s = 0.25 and fl k = 0.20, respectively, determine (a) whether 
or not the disk slides, ( b ) the angular acceleration of the disk and the 
acceleration of G. 


SOLUTION 


Assume disk rolls: 



+>M c =Z(M c ) eff : (51b) 


— ft = (ma)r +1 a 
12 1 


1.6667 lb-ft = ft) a + 0.07764a 

32.2 v 12 J 

1.6667 = 0.21566cr 

a = 7.728 rad/s 2 


a - ra¬ 


il 


ft 7.728 rad/s 2 


J^ZF t =I(F r ) eff 


+ |ZF y =S(F y ) eff : 


—F + 5 lb = ma 

-F + 5 lb = 1^(5.153 ft/s 2 ) 
32.2 

F = 3.40 lb 

IV -10 lb = 0 N = 10 lb 
F m = ju s N = 0.25(10 lb) = 2.5 lb 


a = 7.73 rad/s 2 J) 
a =5.153 ft/s 2 — 


(a) Since F < F m , 


Disk slides M 


Knowing that disk slides 


F = jU k N = 0.20(10 lb) = 2 lb 
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PROBLEM 16.105 


A drum of 4-in. radius is attached to a disk of 8-in. radius. The disk and drum have 
a combined weight of 10 lb and a combined radius of gyration of 6 in. A cord is 
attached as shown and pulled with a force P of magnitude 5 lb. Knowing that the 
coefficients of static and kinetic friction are fi s = 0.25 and ll t = 0.20, respectively, 
determine (a) whether or not the disk slides, ( b) the angular acceleration of the disk 
and the acceleration of G. 
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PROBLEM 16.106 

A , A 12-in.-radius cylinder of weight 16 lb rests on a 6-lb carriage. The 

system is at rest when a force P of magnitude 4 lb is applied. Knowing 
'' that the cylinder rolls without sliding on the carriage and neglecting the 

W W _ mass of the wheels of the carriage, determine (a) the acceleration of the 

carriage, ( b ) the acceleration of Point A, (c ) the distance the cylinder 
has rolled with respect to the carriage after 0.5 s. 
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PROBLEM 16.106 (Continued) 


(+JM C = X(M C ) eff : 0 = 7 


A a + m A a A r 


Substituting from Eqs. (1) and (2), 


o = 


■m A a A r 


0 = 


I A I A 

-h m A r a A - a B 


Data: 


1 A 

r 


0.24895 lb s ■ ft 
lft 


- 0.24895 lb • s 2 


m A r = (0.49689 lb • s 2 /ft)(l ft) = 0.49689 lb • s 2 


0 = 0.74584 a A - 0.24895 a B 
Solving Eqs. (2) and (3) simultaneously, 

a A = 3.7909 ft/s 2 a B = 11.3574 ft/s 2 

(a) Acceleration of the carriage. 

( b ) Acceleration of Point A. 

(c) Relative displacement after 0.5 s. 

a A/B = 11.3574 ft/s 2 - 3.7909 ft/s 2 = 7.5665 ft/s 2 

X AIB = ( a AIB 

= ^(7.5665 ft/s) 2 (0.5 s) 2 


( 3 ) 


a B =11.36 ft/s 2 —- -4 
a A =3.79 ft/s 2 —◄ 


x B/A = 0.946 ft —- 
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PROBLEM 16.107 

o— 

p 

—' » 

A 12-in.-radius cylinder of weight 16 lb rests on a 6-lb carriage. The system is 
at rest when a force P of magnitude 4 lb is applied. Knowing that the cylinder 


B 

rolls without sliding on the carriage and neglecting the mass of the wheels of 

u 


the carriage, determine (a) the acceleration of the carriage, (b) the acceleration 
of Point A, (c) the distance the cylinder has rolled with respect to the carriage 
after 0.5 s. 
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PROBLEM 16.107 (Continued) 


( + ZM C = Z(M B ) eff : Pr= I A a+m A a A r 

Substituting from Eqs. (1) and (2), 


Pr = I A — 


- + m A a A r 


r 


Pr = 



Data: 



r 


0.24895 lb • s 2 ■ ft 
1 ft 


= 0.24895 lb • s 2 


m A r = (0.49689 lb • s 2 /ft)(l ft) = 0.49689 lb • s 2 
(4 lb)(l ft) = 0.74584 a A - 0.24895 a B 


Solving Eqs. (2) and (3) simultaneously, 

a A = 6.6284 ft/s 2 a B = 3.7909 ft/s 2 
(a) Acceleration of the carriage. 


(b) Acceleration of Point A. 

( c ) Relative displacement after 0.5 s. 

a A/B = 6.6284 ft/s 2 - 3.7909 ft/s 2 = 2.8375 ft/s 2 

X A/B ~^( a AIB^ 

= ^(2.8375 ft/s 2 )(0.5 s) 2 


( 3 ) 


a B =3.79 ft/s 2 —◄ 
a A = 6.63 ft/s 2 — ◄ 


x a/b ~ 0-355 ft —*- 
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PROBLEM 16.108 

Gear C has a mass of 5 kg and a centroidal radius of gyration of 75 mm. 
The uniform bar AB has a mass of 3 kg and gear D is stationary. If the 
system is released from rest in the position shown, determine (a) the 
angular acceleration of gear C, ( b ) the acceleration of Point B. 
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PROBLEM 16.109 



Two uniform disks A and B, each of mass of 2 kg, are 
connected by a 1.5 kg rod CD as shown. A counterclockwise 
couple M of moment 2.5 N-m is applied to disk A. Knowing 
that the disks roll without sliding, determine ( a ) the 
acceleration of the center of each disk, ( b ) the horizontal 
component of the force exerted on disk B by pin D. 
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PROBLEM 16.110 



A 10-lb cylinder of radius r — 4 in. is resting on a conveyor belt when 
the belt is suddenly turned on and it experiences an acceleration of 
magnitude a = 6ft/s 2 . The smooth vertical bar holds the cylinder in 
place when the belt is not moving. Knowing the cylinder rolls 
without slipping and the friction between the vertical bar and the 
cylinder is negligible, determine (a) the angular acceleration of the 
cylinder, (b) the components of the force the conveyor belt applies 
to the cylinder. 
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B 


PROBLEM 16.111 


A hemisphere of weight W and radius r is released from rest in the position 
shown. Determine (a) the minimum value of ju s for which the hemisphere starts 
to roll without sliding, ( b ) the corresponding acceleration of Point B. [Hint: Note 
that OG = -| r and that, by the parallel-axis theorem, 7 = jtnr 2 - m(OG) 2 .] 
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r = 18 mm 


PROBLEM 16.113 


The center of gravity G of a 1.5-kg unbalanced tracking wheel 
is located at a distance r — 18 mm from its geometric center B. 
The radius of the wheel is R — 60 mm and its centroidal radius 
of gyration is 44 mm. At the instant shown the center B of the 
wheel has a velocity of 0.35 m/s and an acceleration of 1.2 m/s 2 , 
both directed to the left. Knowing that the wheel rolls without 
sliding and neglecting the mass of the driving yoke AB, 
determine the horizontal force P applied to the yoke. 
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PROBLEM 16.113 (Continued) 



Substitute: 

m - 1.5 kg 





r = 0.018 m 





R = 0.06 m 





k =0.044 mm and g =9.81 m/s 2 in Eq. (1) 




0018 

f, 0.018“ +0.044“ ^ 

, r 0.018 2 



P = 1.5(9.81)— —— + \.5{a B ) 

1 +-^- 

+1.5- v v B 



0.06 

^ 0.06 2 J 

0.06 2 



p = 4.4145 + 2.4417a B + 7.5vg 


(2) 

Data: v B = 0.35 m/s -*—; 

v B = +0.35 m/s 




a B = 1.2 m/s 2 -—; 

a B =+1.2 m/s 2 




Substitute in Eq. (2): 

p = 4.4145 + 2.4417(+1.2) + 7.5(+0.35) 2 




= 4.4145 + 2.9300 + 0.9188 




= +8.263 N 


P = 8.26 N ■* 

◄ 
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PROBLEM 16.114 



A small clamp of mass m B is attached at B to a hoop of mass m h . The system 

A 

is released from rest when 0 = 90° and rolls without sliding. Knowing that 

\\ / 

J 

m h — 3 m B , determine (a) the angular acceleration of the hoop, (b) the horizontal 

W r 


and vertical components of the acceleration of B. 
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PROBLEM 16.115 

A small clamp of mass m B is attached at B to a hoop of mass m h . Knowing that 
the system is released from rest and rolls without sliding, derive an expression 
for the angular acceleration of the hoop in terms of m B , m h , r, and 9. 
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PROBLEM 16.116 

A 4-lb bar is attached to a 10-lb uniform cylinder by a square pin, P, as shown. 
Knowing that r = 16 in., h = 8 in., 0= 20°, L- 20 in. and 0 ) - 2 rad/s at the 
instant shown, determine the reactions at P at this instant assuming that the 
cylinder rolls without sliding down the incline. 
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A 



PROBLEM 16.117 

The ends of the 20-lb uniform rod AB are attached to collars of 
negligible mass that slide without friction along fixed rods. If the rod is 
released from rest when 6 = 25°, determine immediately after release 
(a) the angular acceleration of the rod, ( b ) the reaction at A, (c) the 
reaction at B. 
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PROBLEM 16.117 (Continued) 


(a) 

Ansular acceleration. 




+>M £ =E(M £ ) eff : 

mg( 1.8126 ft) = Ia+ ma x (0.84524 ft) + n?a v (1.8126 ft) 




m.g(\ .8126) = -T m (4) 2 a + m(0.84524) 2 a + m(l. 8126) 2 ar 




^(1.8126) = 5.3333a a = 0.33988g a = 

10.944 rad/s 2 ) ◄ 

(b) 

+ tzF y =Z(F y ) eff : 

A - mg = —ma v = m(\ .81 26a) 




f 20 ^ 

A 20= (1.8126)(10.944) 

v32.2 J 




A = 20-12.321 




= 7.6791 lb 

A = 7.68 lb ◄ 

(c) 

^IF t = Z(F v ) eff : 

B — ma x - /n(0.84524ct) 




F= 20 (0.84524)110.944) 




B - 5.7453 lb 

B = 5.75 lb—- ◄ 
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A 



PROBLEM 16.118 

The ends of the 20-lb uniform rod AB are attached to collars of 
negligible mass that slide without friction along fixed rods. A vertical 
force P is applied to collar B when 6 = 25°, causing the collar to start 
from rest with an upward acceleration of 40 ft/s 2 . Determine (a) the 
force P, (b) the reaction at A. 
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PROBLEM 16.121 

End A of a uniform 10-kg bar is attached to a horizontal rope and end B 
contacts a floor with negligible friction. Knowing that the bar is released 
from rest in the position shown, determine immediately after release 
(a) the angular acceleration of the bar, ( b ) the tension in the rope, (c) the 
reaction at B. 
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PROBLEM 16.122 

r Ira 

I 


c 

End A of the 8-kg uniform rod AB is attached to a collar that can 

A i 
f 

> 

slide without friction on a vertical rod. End B of the rod is 

A 

|i \\3o° = ^ 

attached to a vertical cable BC. If the rod is released from rest in 



the position shown, determine immediately after release ( a ) the 



angular acceleration of the rod, ( b ) the reaction at A. 


L = 750 mm 


r 


\>B 
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PROBLEM 16.122 (Continued) 



±-XF x =X(F x ) eff : 

. - L . 

A = ma, -m — a sin# 

2 




A = 77i —(——cos# |sin^ 

2{2L J 




3 

A - —ms sin #cos 0 —*- 

4 


Data: 


m - 8 kg, 9 - 30°, L - 0.75 m 


(a) 

Angular acceleration. 

3 9.81 m/s 2 

a - -cos 30 

2 0.75 m 

a = 16.99 rad/s 2 A 

( b ) 

Reaction at A. 

A = | (8 kg)(9.81 m/s 2 ) sin 30° cos 30° 

A = 25.5 N —► A 
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PROBLEM 16.123 

A uniform thin plate ABCD has a mass of 8 kg and is 
held in position by three inextensible cords AE, BF, and 
CG. If cord AE is cut, determine at that instant (a) if the 
plate is undergoing translation or general plane motion, 
( b ) the tension in cords BF and CG. 


SOLUTION 

Immediately after cord AE breaks, 0 ) - 0. 

(a) Assume that the cords BF and CG constrain the plate to undergo curvilinear translation, making a = 0. 

a c = ci ^v30° 



+ 30°ZF = £F eff : mg sin 30° = mci c 

a G = g sin 30° 

+)l 'M b = 0.015mg + 0.200 T cg cos 60° = mg sin 30°(0.100 + 0.075sin 30°) 

0.100r cG = -0.00625 mg T cc = -0.0625 mg 

Since T c is negative, the cord becomes slack so that the plate undergoes general plane motion with T (;(; = 0. 

general plane motion M 
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PROBLEM 16.124 

The 4-kg uniform rod ABD is attached to the crank BC and is fitted with a 
small wheel that can roll without friction along a vertical slot. Knowing that at 
the instant shown crank BC rotates with an angular velocity of 6 rad/s 
clockwise and an angular acceleration of 15 rad/s 2 counterclockwise, determine 
the reaction at A. 
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PROBLEM 16.125 

The 7-lb uniform rod AB is connected to crank BD 
and to a collar of negligible weight, which can slide 
freely along rod EF. Knowing that in the position 
shown crank BD rotates with an angular velocity of 
15 rad/s and an angular acceleration of 60 rad/s 2 , 
both clockwise, determine the reaction at A. 


SOLUTION 

Crank BD: 


1 


T 


Hir». 

i 


Wet- 


uo 


Won =15 rad/s, v fl = 


a bd ~ 60 rad/s“ 


—ft | (15 rad/s) = 5 ft/s 




et> 


( a A = 


(a B )y = 


— ft I(60rad/s') = 20ft/s 2 
12 1 ' 


6 

Rod AB : 

Velocity : Instantaneous center at C. 


C- ft ](15 rad/s) 2 =75 ft/s 2 \ 


C5 = 


f 25 ^ 


co 


— ft 
V 12 J 

v 


/ tan 30° = 3.6084 ft 
B _ 5 ft/s 



AB 


CB 3.6084 ft 


= 1.3856 rad/s f) 


Acceleration: 


Q* 


cu 

v./ V 


'AA\rJ-^ ls 75 


1® - A J - 

zo 


7S 

e 


-ia 


2o> Zo 


25 

( & a/b\ = ( AB)a AB = ~ a AB | 



(a A/B ) n =(AB)ar AB = — |(1.3856)“ =4 ft/s 2 


( a G/fi)/ — ^ a ABy 
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PROBLEM 16.126 


In Problem 16.125, determine the reaction at A, knowing 
that in the position shown crank BD rotates with an angular 
velocity of 15 rad/s clockwise and an angular acceleration 
of 60 rad/s 2 counterclockwise. 

PROBLEM 16.125 The 7-lb uniform rod AB is connected 
to crank BD and to a collar of negligible weight, which can 
slide freely along rod EF. Knowing that in the position 
shown crank BD rotates with an angular velocity of 15 rad/s 
and an angular acceleration of 60 rad/s 2 , both clockwise, 
determine the reaction at A. 
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50 mm 


PROBLEM 16.127 

The 250-mm uniform rod BD, of mass 5 kg, is connected as shown to 
disk A and to a collar of negligible mass, which may slide freely along 
a vertical rod. Knowing that disk A rotates counterclockwise at a constant 
rate of 500 rpm, determine the reactions at D when 0 - 0. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1606 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1607 





PROBLEM 16.128 

Solve Problem 16.127 when 6-9 0°. 

PROBLEM 16.127 The 250-mm uniform rod BD, of mass 5 kg, is connected as 
shown to disk A and to a collar of negligible mass, which may slide freely along 
a vertical rod. Knowing that disk A rotates counterclockwise at a constants rate of 
500 rpm, determine the reactions at D when 6-0. 
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PROBLEM 16.130 

The motion of the uniform slender rod of length L = 0.5 m and mass m - 3 kg 
is guided by pins at A and B that slide freely in frictionless slots, circular and 
horizontal, cut into a vertical plate as shown. Knowing that at the instant shown 
the rod has an angular velocity of 3 rad/s counter-clockwise and 9 = 30°, 
determine the reactions at Points A and B. 
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PROBLEM 16.130 (Continued) 

Equating the two expressions for a B gives 

1.875 m/s 2 —+(a B ) y (= a A + 0.5a^£30° + 4.5 m/s 2 60° 

—►: -1.875 = a A + 0.5acos 30° + 2.25 
a A - -0.5a cos 30° - 4.125 

a G ~ S A + ( a G/A^t + ( a c/A 

= (0.5acos 30°+ 4.125) -*—30° + - or 60° 

2 2 

- (0.5a cos 30° + 4. 125) ^+— a ^ 30° +—(3) 2 ^ 60° 

2 2 

= (0.2165 la + 3.00) — +(1.94856 - 0.125a) \ 

Kinetics'. rna c ~ (3 kg) a G 

= [0.64952a + 9.00] — +[5.8457 - 0.375a] \ 


la = 0.0625a 



(3)(9.81)^-sin30° = 0.0625a 

+ (0.64952a + 9.00) ^ cos 30° 

- (5.8457 - 0.375a)—sin 30° 

2 

3.67875 = 0.25a + 1.21784 
a = 9.8436 rad/s 2 

ma G = [(0.64952)(9.8436) + 9.00] *—+ [5.8457 - (0.375)(9.8436)] | 

= [15.394 N] —[2.1544 N] f 
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PROBLEM 16.130 (Continued) 


£F = £F eff = ma G : A j +B —► +mg , = ma G 

+t : A-(3 kg)(9.81 m/s) = 2.1544 N 

A = 31.6 N j ^ 

+—: B = -15.894 N 

B = 15.89 N -*— M 
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PROBLEM 16.131 

At the instant shown, the 20 ft long, uniform 100-lb pole ABC has an 
angular velocity of 1 rad/s counterclockwise and Point C is sliding to the 
right. A 120-lb horizontal force P acts at B. Knowing the coefficient of 
kinetic friction between the pole and the ground is 0.3, determine at this 
instant (a) the acceleration of the center of gravity, (b) the normal force 
between the pole and the ground. 
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PROBLEM 16.132 

A driver starts his car with the door on the passenger’s side 
wide open_(# = 0). The 80-lb door has a centroidal radius of 
gyration k =12.5 in., and its mass center is located at a 
distance r — 22 in. from its vertical axis of rotation. Knowing 
that the driver maintains a constant acceleration of 6 ft/s 2 , 
determine the angular velocity of the door as it slams shut 
09 = 90°). 
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PROBLEM 16.133 

For the car of Problem 16.132, determine the smallest constant 
acceleration that the driver can maintain if the door is to close 
and latch, knowing that as the door hits the frame its angular 
velocity must be at least 2 rad/s for the latching mechanism to 
operate. 
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PROBLEM 16.133 (Continued) 


■ co f f nil 

(0d(0-\ (0.4124a.) cos 9 did 

0 Jo 



1 2 
— Or 
2 

(Of 

= 0.41234a A lsin6M* /2 

0 



co f = 0.82468a A 

(1) 

Given data: 


(Of = 2 rad/s 


Eq. (1): 

(Of = 0.82468a A 
(2) 2 = 0.82468a A 




a A = 4.85 ft/s 2 

a A =4.85 ft/s 2 —► ◄ 
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PROBLEM 16.135 

The 6-kg rod BC connects a 10-kg disk centered at A to a 5-kg rod 
CD. The motion of the system is controlled by the couple M 
applied to disk A. Knowing that at the instant shown disk A has an 
angular velocity of 36 rad/s clockwise and no angular acceleration, 
determine (a) the couple M, ( b ) the components of the force 
exerted at C on rod BC. 


SOLUTION 

Kinematics: Velocity analysis. U) AB — 36 rad/s ) 

Disk AB: v B = AB co AB 30° = (0.200)(36) ^ 30° = 7.2m/s\ 30° 

Rod BC: v c = v c ^30° 

Since v c is parallel to \ B , bar BC is in translation. 

v c =7.2 m/s 30° co gc =0 

Rod CD: tt) rn — —= 2^1 = 28.8 rad/s 

l CD 0.25 m 

co CD = 28.8 rad/s ) 

Acceleration analysis: a AB — 0 

Disk AB: a B — d AB x r B/A — co AB r B/A 

= 0 - (36) 2 (0.2) T 7 60° = 259.2 m/s 2 T 7 60° 

Rod BC: a BC = a BC j 

3 C ~ a B + ( a C/B )f _ m BC r CiB 

a c =259.2 7^60° + QAa AB \+0 (1) 

Rod CD: a CD = a CD j 

«c = ( a cm), - «cD r c/o = [°-25a co 30°] - [(28.8) 2 (0.25) 7^^60°] 

a c = [0.25a CD T 7 30°] - [207.36 T 7 60°] (2) 

Equate components of two expressions (1) and (2) for a c . 

H—►: -259.2cos 60° = -0.25ct co cos 30° - 207.36 cos 60° 

a CD =119.719 rad/s 2 a CD = 119.719 rad/s 2 ^ 

+| : -259.2 sin 60° + 0.4 a BC - 0.25 a CD sin 30° - 207.36 sin 60° 

a BC = 149.649 rad/s 2 a BC = 149.649 rad/s 2 ^ 
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PROBLEM 16.135 (Continued) 


Accelerations of the mass centers. 


Disk AB: 

a AB 

Rod BC: 

Mass center at Point 

a P = 

Rod CD: 

Mass center at Point 

a e 

Masses: 

m AB : 

Effective forces at mass centers. 

Disk AB: 

m AB a A 

Rod BC: 

m BC a P 

Rod CD: 

m CD a a 


r PIB = (0.2 m) - 


X B ^ u BC ^ l P/B UJ BC l P/B 


= [259.2 60°] + [0.2a fiC | ] + 0 = [259.2 T 7 60°] + [29.9298 f] 


r Qm - 0.125 m 60° 


— U CD AIg /D Ul CD l Q/ D 

= [0.125 a CD 2^30°] -[(28.8) 2 (0.125) 7^60°] 
= [14.9648752^30°] -[103.60 7^60°] 


‘BC 


“CD 


Moments of inertia: 

Disk AB: 

Rod BC: 

Rod CD: 

Effective couples at mass centers. 
Disk AB: 

Rod BC: 

Rod CD: 


Summary of effective 
forces and couples 


Jab = \rn AB r\ B = ^(10)(0.2) 2 = 0.2 kg • m 2 

Ibc = ^rn BC l 2 BC = -^(6)(0.4) 2 = 0.08 kg • m 2 

J CD =-^m CD lf D = ^-(5)(0.25) 2 = 0.0260417 kg • m 2 


Jab^ab - 0 

J BC a BC = (0.08X149.649) j = 11.97192 N • m") 
JcD a CD =(0.0260417)(119.719)') = 3.11768 N • m ^ 
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PROBLEM 16.135 (Continued) 

+)IM A =HM A ) eB : -M -(524.27X0.4+ 0.2sin30°)+ (230.93)(0.2cos30°) 
- (6 kg)(9.81 m/s 2 )(0.2 + 0.2sin 30°) 

= 11.9719 + (179.58X0.2 + 0.2sin 30°) 

-(1555.2 cos 30°X0.2) 

-M - 262.135 + 40.0 -17.658 
= 11.9719 + 53.874 - 269.369 
-M =36.27 N-m 


(a) Couple applied to disk A. M = 36.3 N ■ m ' M 

(b) Components of force exerted at C on rod BC. 

C = 231 N -*—i- 524 N j ◄ 
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PROBLEM 16.136 

The 6-kg rod BC connects a 10-kg disk centered at A to a 5-kg 
rod CD. The motion of the system is controlled by the couple M 
applied to disk A. Knowing that at the instant shown disk A has an 
angular velocity of 36 rad/s clockwise and an angular acceleration 
of 150 rad/s 2 counterclockwise, determine (a) the couple M, 
(b) the components of the force exerted at C on rod BC. 


SOLUTION 



Kinematics: 

Velocity analysis. (O ab = 36 rad/s J 


Disk AB: 

\ B — ABco ab 30° = (0.200)(36) 30° = 7.2 m/s 30° 


Rod BC: 

v c =v c ^30° 


Since v c 

is parallel to v B , bar BC is in translation 



v c =7.2 m/s 30° b) BC =0 


Rod CD: 

v r 7.2 m/s „ 

0) rn - - = - = 28.8 rad/s 

l CD 0.25 m 



( o CD = 28.8 rad/s J) 


Acceleration analysis. a AB ~ 0 


Disk AB: 

2 

& B ~ a AB Xr BIA ~ a> AB r B/A 



= [(150X0.2) 2^ 30°] - [(36) 2 (0.2) T 7 60°] 



= [30 m/s 2 2 k30°] + [259.2 m/s 2 T 7 60°] 


Rod BC: 

a BC =150 rad/s 2 ' ■ 



a c = a £ + ( a c/B )f — ^BC^C/B 



a c = [30 2k ] + [259.2 T 7 60°] + [0.4 a AB ] + 0 

(1) 

Rod CD: 

a CD ~ a CD ) 



a c = ( a c®)/ - ^CD r c/D = [0.25« CO 2k30°] - [(28.8) 2 (0.25) T 7 60°] 



a c = [0.25 a CD 2k 30°] - [207.36 T 7 60°] 

(2) 
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PROBLEM 16.136 (Continued) 


-30cos30°- 259.2cos60° = -0.25a CD cos 30° - 207.36 cos 60° 


Equate components of two expressions (1) and (2) for a c . 

+—* 

a CD = 239.719 rad/s 2 a CD = 239.719 rad/s 2 
+| : 30cos30°-259.2sin60° + 0.4a BC — 0.25a CD sin30°-207.36sin60° 

a BC ~ 149.649 rad/s 2 ^ 


a BC ~ 149.649 rad/s“ 


Accelerations of the mass centers. 


& AB ~ a A ~ 0 


Disk AB: 

Rod BC: Mass center at Point P. 


l PIB 


= (0.2 m) - 


a P ~ a B + o. BC x r p/B (0 B c r p/ B 


= [30 2k30°] + [259.2 T 7 60°] + [0.2 a BC (] + 0 
= [30 2x30°] + [259.2 T 7 60°] + [29.92981 ] 
Rod CD\ Mass center at Point Q. 


r q/d - 0.125 m 60° 


a Q ~ a CD X r QID (l) CD r QID 


Masses : 


= [0.125 a CD 2k30°] - [(28.8) 2 (0.125) T 7 60°] 
= [29.964875 2k 30°] - [103.60 T 7 60°] 
m AB = 10 kg, m BC = 6 kg, m CD = 5 kg 


Effective forces at mass centers. 


Disk AB: 

m AB a A 

Rod BC: 

m BC a P 

Rod CD: 

m CD a a 

meats of inertia: 


Disk AB: 

Lb 

Rod BC: 

Lc 

Rod CD: 

1 CD 


1 

— i 
2 


1 

-( 

2 


12 BC‘BC- n ' 

1 ,2 1 
12 ^D CD ~ 12 
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PROBLEM 16.137 


In the engine system shown l = 250 mm and b- 100 mm. The 
connecting rod BD is assumed to be a 1.2-kg uniform slender 
rod and is attached to the 1.8-kg piston P. During a test of the 
system, crank AB is made to rotate with a constant angular 
velocity of 600 rpm clockwise with no force applied to the face 
of the piston. Determine the forces exerted on the connecting rod 
at B and D when 9 = 180°. (Neglect the effect of the weight of 
the rod.) 
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PROBLEM 16.138 



Solve Problem 16.137 when 9-9 0°. 

PROBLEM 16.137 In the engine system shown / = 250 mm and 
b —100 mm. The connecting rod BD is assumed to be a 1.2-kg 
uniform slender rod and is attached to the 1.8-kg piston P. During a 
test of the system, crank AB is made to rotate with a constant angular 
velocity of 600 rpm clockwise with no force applied to the face of the 
piston. Determine the forces exerted on the connecting rod at B and D 
when 9 = 180°. (Neglect the effect of the weight of the rod.) 


SOLUTION 


Geometry : 


/ = 0.25 m, h = 0.1m, x-f 2 -b 2 - 0.2291 m 
r b, a = (0.1 m)j, r D/B = -(0.2291 m)i - (0.1 m)j 


Kinematics : 

Velocity: 


00ab = 600 rev/min = 62.832 rad/s 
co AB - -(62.832 rad/s)k 

y B ~ Xr BIA 

=-(62.832k) x(0.1i) 

= (6.2832 m/s)i 

y D — y B +(i> BD X r D/B 

v D i = 6.2832i + oo BD k x (-0.229 li - 0.1 j) 
= 6.2832i + 0. lco BD S - 0.229 \co BD \ 



Equating components gives 

v D = 6.2832 m/s, co BD = 0. 


Acceleration: a AB = 0, a BD = o/ HI) k a D = a D i 

a B = a AB xr B/A -®AB r B/A = 0 - (62.832) 2 (0.lj) = -(394.78 m/s 2 )j 

a D ~ a B + a BD X r B/D ~ (a BD r DIB 

a D i = -394.78j + a AB k x (-0.229 li - 0. lj) - 0 
= -394.78j - 0.229 lcr AB j + 0. \a AB i 

Equate like components. 

j: 0 — —394.78 — 0.229 \ox AB oc AB — —1723 rad/s 2 

i: a D = (0.1)(—1723) = -172.3 m/s 2 


a AB = -(1723 rad/s 2 )k 


a c =-(172.3 m/s 2 )i 
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PROBLEM 16.138 (Continued) 


Acceleration of mass center G of bar BD 

r c/D =i (0.229 li + O.lj) 

= (0.11455 m)i + (0.05 m)j 

a G ~ a D + a BD X r GID ~ C0 BD r GID 

= —172.31 + (-1723k) x (0.11455i + 0.05 j) - 0 
= -172.3i - 197.34j + 86.15i 
= -(86.15 m/s 2 )i - (197.34 m/s 2 )j 

Force on bar BD at P in B. 

Use piston + bar BD as a free body 

e* 


m D a D = (1.8)(—172.31) 

= -(310.14 N)i 

m BD a c = (l-2)( — 86.151 — 197.34J) 

= -(103.38 N)i- (236.88 N)j 

l BD a BD = ^-(1.2)(0.25) 2 (-1723) = -10.769 N • m 

*F x = Z(F X ) e£f : B x = m D a D + (m BD a G ) x 

B x =-310.14-103.38 B x = -413.52 N 
+2.M B = Y.(M B ) eff \ — xiVk = l BD cx BD k + r D/B x (m D a D ) + r G/B x ( m BD a G ) 

-0.2291 Nk = -10.769k + (0. l)(-310.14)k + (-0.114551 - 0.05j) 
x(-103.38i - 236.38j) 

= -10.769k - 31.014k + 27.038k - 5.169k 
N = 86.923 N 
+^F y — £( F y ) eff : N + B y = (. m BD a G ) y 

86.923 + B y = -236.88 B y = -323.80 N 

B = V413.52 2 +323.80 2 = 525.2 N 

202 on 

tan 0 = -— /3 = 38.1° B-525N^38.1° ◄ 

413.52 
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PROBLEM 16.138 (Continued) 


Force exerted by bar BD as piston D. 


1-1 

Use piston O as a free body £F = ZF eff 


D + Nj — m D a D i 


1 - J 

D = m D a D i - Nj 


= -(310.14 N)i + (86.923 N)j 



Force exerted by the piston on bar BD. By Newton’s third law, 



D' = -D = (310.14 N)i - (86.923 N)j 

D' = 322 15.7° ◄ 
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PROBLEM 16.141 

Two rotating rods in the vertical plane are connected by a slider 
block P of negligible mass. The rod attached at A has a weight of 
1.6 lb and a length of 8 in. Rod BP weighs 2 lb and is 10 in. long 
and the friction between block P and AE is negligible. The motion 
of the system is controlled by a couple M applied to rod BP. 
Knowing that rod BP has a constant angular velocity of 20 rad/s 
clockwise, determine ( a ) the couple M, (b) the components of the 
force exerted on AE by block P. 


SOLUTION 

Unit vectors'. 

Geometry: 


i = 1 


j = lf>k = 0- 


r PIA ~ 


— sin 30° ft I j 

v 12 |J 

10 
12 


r p/B =-l —cos 30° ft 


3 f 10 

—sin 30° ft j 


J 


l P/A 


^ ft |j 
12 1 


to Dp =-(20 rad/s) k, 


12 


a BP ~ 0 


Kinematics : 

Velocity analysis. 

Rod BP: 

= -20k x ( -—cos 30°i -—sin 30°j 

l, 12 12 

= -(8.3333 ft/s)i +(14.4338 ft/s)j 

Rod AE: Use a frame of reference rotating with angular velocity ca AE = C0 AE k. The collar P slides on the rod 
with relative velocity y p/a = uj 

Y p = Y P ’ + Vp/AE ~ W AE X V PIA + 11 J 


= ty A£ kx 


f 10 

■—sin30°j | + nj = 0.41667<w A£ i + nj 


Equate the two expressions for Yp and resolve into components. 

i: - 8.3333 = 0.41667 co, P 


j: 14.4388 = « 


C0 AE = -20 rad/s 
u = 14.4338 ft/s 


Acceleration analysis. 
Rod BP: 


a P ~ a BP Xr P/B ®BP r PIB 


= o-(2o r 


10 


10 


—cos 30°i-sin 30° j 

12 12 


= (288.68 ft/s 2 )i +(166.67 ft/s 2 )j 
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PROBLEM 16.141 (Continued) 


Rod AE: 


where 


«A£ = «A£ k > 


a P/AE ~ U J 


a P _ a P' + a P/AE + X y p/AE 


a P' ~ a AB X r PIA 0} AE r PIA 


( 10 . 

1 _o 1 

f io . ^ no .) 

[-12 

- (20)- 

-sin 30° j 

v 12 J 


and 


= 0.41667cr A£ i + (166.67 ft/s )j 
2co A£ x x p/AE = (2)(-20k) x (14.4338 j) 

= 577.35 ft/s 2 i 


Equate the two expressions for a p and resolve into components. 


Summary: 


Masses and moments of inertia. 


i: 288.68 = 0.41667er A£ + 577.35 


(a BP = -(20 rad/s)k, m AE = -(20 rad/s)k 
a BP = 0, a AE = -(692.8 rad/s 2 )k 


a AE = -692.8 rad/s ~ 


W. 


AE 


l AE 


1 BP 


16 lb ■ = 0.049689 lb s 2 /ft 


32.2 ft/s“ 


W, 


BP 


8 


11 

- = 0.062112 lb s 2 /ft 


32.2 ft/s“ 


Iae = ^™ AE 4 = ^(0.049689 lb • s 2 /ft) 
J Bp = ~^m BP f BP = ^-(0.062112 lb ■ s 2 /ft) 


— ft | = 1.8403xl0~ 3 lb - s 2 - ft 
12 


— ft | = 3.5944xl0~ 3 lb • s 2 - ft 

v 12 


Mass centers'. Let Point G be the mass center of rod AE and Point H be that of rod BP. 

)j 


r G/A _ 


( 4 ^ 


ft 

v!2 j 

—cos30° ft |i- 

12 


5 


—sin 30° ft 
12 


J 


J 


Acceleration of mass centers. 


a C~ a AE Xr G/A (0 AE r GIA 

= (-692.8k)x(-0.33333j) - (20) 2 (-0.33333j) = -(230.93 ft/s 2 )i + (133.33 ft/s 2 ) j 

_ 2 
a H ~ a BP Xr H/B ~ a) BP r HIB 

= 0 - (20) 2 (-0.72169i - 0.41667j) = (288.68 ft/s 2 )i + (166.67 ft/s 2 )j 
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PROBLEM 16.142 



Two rotating rods in the vertical plane are connected by a slider 
block P of negligible mass. The rod attached at A has a mass of 0.8 kg 
and a length of 160 mm. Rod BP has a mass of 1 kg and is 200 mm 
long and the friction between block P and AE is negligible. The 
motion of the system is controlled by a couple M applied to bar AE. 
Knowing that at the instant shown rod BP has an angular velocity of 
20 rad/s clockwise and an angular acceleration of 80 rad/s 2 clockwise, 
determine (a) the couple M, ( b ) the components of the force exerted 
on AE by block P. 


SOLUTION 

Geometry: 

Kinematics: 


r p/A ~ (0-200 m) sin 30° , = 0.100 m j 


1 P/A 

r m = 0.200 m ^30° 
r E/A =0.160 mj 
co BP = 20 rad/s ) 

a B p =80 rad/s 2 ) 

Velocity analysis. 

Rod BP: \ P = (o BP x r P/B = (20 rad/s) • (0.200 m) 2x 60° = 4 m/s 2x 60° 

Rod AE: Use a frame of reference rotating with angular velocity co AE = 0 ) AE . The collar slides on the rod 
with relative velocity y p/ae = u j. 

Y p = Yp' + y p/ae = (0 AE X r P/A + u | 


= 0.100 co 


AE~ 


- + u 


Equate the two expressions for v,, using a triangle construction for vector addition. 


-0.100 C0 AE = 4 cos 60° 


Acceleration analysis. 
Rod BP: 


C0 AE = -20 rad/s =20 rad/s ) 
u = 4sin 60° = 3.461 m/s v P/A£ = 3.4641 m/s j 

0 



a F — a BP Xr P/B ^BP^P/B 


= [(80 rad/s 2 )(0.200 m) 2^ 60°] + [(20 rad/s) 2 (0.200 m) ^ 30°] 
= [16 m/s 2 2^ 60°] + [80 m/s 2 30°] 
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PROBLEM 16.142 (Continued) 


Rod AE: 


where 


Hjr — CC 


AE ~ u AE ')’ a P/AE —U\ 


a P - a P ' + a P/AE + 2w AE x \ P/AE 


a P' ~ a AE X r P/A m 'AE r P!A 


= [(0.100 m )a A 
= [0. lOOer,.— 1 


+ 


[(20 rad/s 2 )(0.100 m) ] 


+ 


[40 m/s 2 |] 


and 2w AE x \ P/AE = [(2)(20 rad/s)(3.4641 m/s) —- ] = 138.564 m/s" 

Equate the two expressions for a P and resolve into components. 

—►: -(16 m/s 2 )cos 60° + (80 m/s 2 )cos 30° 

= 0.100a A£ +138.564 m/s 2 


a AE = -772.82 rad/s" 


a AE = 772.82 rad/s 2 ) 


Masses, weights, and moments of inertia. 


m AE = 0.8 kg W AE = m AE g = (0.8 kg)(9.81 m/s") = 7.848 N 
m BP = 1.0 kg W BP =m BP g=( 1.0kg)(9.81 m/s 2 ) = 9.81 N 

J AE = -Lm AE I 2 AE = -j^-(0.8 kg)(0.16 m) 2 = 1.70667xl0" 3 kg • m 2 

I BP = —m BP l BP = — (1.0 kg)(0.20 m) 2 = 3.3333xlO~ 3 kg • m 2 

Mass centers: Let Point G be the mass center of rod AE and Point H be that of rod BP. 

r G/A - 0.08 m { r H/B = 0.10 m T 7 30° 

Accelerations of mass centers. 

a G = a AE Xr GM “ C 0 AE r dA 


= (772.82 rad/s 2 )(0.08 m) ^+ (20 rad/s 2 )(0.08 m) | 
= [61.826 m/s 2 -«—] + [32m/s 2 ] 


a H ~ a BP Xr HIA C 0 BP Y H!B 


= [(80 rad/s 2 )(0.10 m) ^ 60°] + [(20 rad/s) 2 (0.10 m) 30°] 
= [8m/s 2 \ 60°] + [40 m/s 2 30°] 
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PROBLEM 16.143* 

Two disks, each of mass m and radius r are connected as shown by a continuous 
chain belt of negligible mass. If a pin at Point C of the chain belt is suddenly 
removed, determine (a) the angular acceleration of each disk, ( b ) the tension in the 
left-hand portion of the belt, (c) the acceleration of the center of disk B. 
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PROBLEM 16.143* (Continued) 


From Eqs. (1) and (2) we note that a A = a B 


+)'LM e = Z(M e ) eff : Wr = Ia B + ( ma B )r 


1 , 

Wr = —mr a B + mr(a A + oe B )r 


a A~ a B- W /r = ^ mr 2 a A 



°B=f- ) < 

2 p 2 T 

Substitute for a A into (1): -= — 

5 r mr 

T = gMg ◄ 

a B = r(a A +a B ) 

= r(la A ) 

= 2rf——1 
v5 r) 

=|^J ◄ 
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L 


PROBLEM 16.144* 

A uniform slender bar AB of mass m is suspended as shown from a uniform 
disk of the same mass m. Neglecting the effect of friction, determine the 
accelerations of Points A and B immediately after a horizontal force P has 
been applied at B. 
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PROBLEM 16.144* (Continued) 


Substitute from (1): 


D 3 L _ \ _ 

P 2 m { 2 01 AB ~ aAB J = mC>AB 


p = ~ ma AB ~ ~mLa AB 


Multiply by —: 


1 5L _ 1.2 

— PL = — ma AR - mL a AR 

9 18 12 


(4) + (2): 


10 D , l 5) r _ 7 

— PL— —I- \mLa AR ——mLa A 

9 1 2 18 J AB 9 


a AB ~ rn 

7 m 


(5) —(3) 


/> = !„ 1°P _3 


P - —P - — mLa A 


-P = — mLoc . 


24 P s 
~~~mL x 


: 2 fl A,B 


L i 24 P 


2 l 7 mL 




12 10 i P 


_ 2 ^ab + a AB 


L|24 P 'j 10P 
2.7 mLj 7 m 


12 10 | P 

y + y t 
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PROBLEM 16.145 

A uniform rod AB, of mass 15 kg and length 1 m, is attached to the 20-kg 
cart C. Neglecting friction, determine immediately after the system has been 
released from rest, (a) the acceleration of the cart, (b) the angular acceleration 
of the rod. 
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PROBLEM 16.146* 

The 5-kg slender rod AB is pin-connected to an 8-kg 
uniform disk as shown. Immediately after the system 
is released from rest, determine the acceleration of 
(a) Point A, ( b ) Point B. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1652 






PROBLEM 16.146* (Continued) 



1 ft \ f , T \ 

e 1 1 m r , r 1 m AR L 

- = -a AR + -—+ 1 — — • — 

L 2 [2 m AB )L\3m c rj 

01 AB 


S = 1 + 1 + 1 = ' 2+'"" 

L ^2 6 3 m c J 3^ m c ^ 

a AB 


3 g 1 

a AB =—7-r 

1 (2 + ^) 

(2) 


m AB = 5 kg, m c = 8 kg, r = 0.1m, L — 

0.25 m 

Eq. (1): 

a AB = 3(9-8 l)m/s 2 1 ^ 

0.25 m 2 + |^ 

8 kg 

0 

Eq. (2): 

a c = 1 5 kg . °- 25 m . (44.846 rad/s 2 ) = 23.357 rad/s 2 *) 

3 8 kg 0.1m 

(b) Acceleration of B. 

a B = ra c 



= (0.1 m)(23.357 rad/s 2 ) 

= 2.336 m/s 2 

a B =2.34 m/s 2 , A 

(a) Acceleration of A. 

+ | a A = a 5 + a B/A 

1 

o 


a A ~~ d B + \Ld A B |] ^ | 

a. =2.336 m/s 2 l. L-o.tCn ,| 


+ (0.25 m)(44.846 rad/s 2 ) 

i n 

a A =13.55 m/s 2 , ◄ 


a A = 2.336 + 11.212 
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PROBLEM 16.147* 



The 6-lb cylinder B and the 4-lb wedge A are held at rest in the position 
shown by cord C. Assuming that the cylinder rolls without sliding on 
the wedge and neglecting friction between the wedge and the ground, 
determine, immediately after cord C has been cut, (a) the acceleration 
of the wedge, (b) the angular acceleration of the cylinder. 
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PROBLEM 16.147* (Continued) 

( b ) Angular acceleration of the cylinder . 

+ )1M E =£(M £ ) eff : (6 lb)sin20°(0.25 ft) = Ia + m B a B/A ( 0.25 ft) -m B a A cos 20°(0.25 ft) 

1.5 sin 20° =--- a + —(0.25a)(0.25) 

16(32.2) 32.2 

-—a, cos 20°(0.25) 

32.2 A 

0.51303 = 0.00582 a + 0.01165a - 0.04378a A 

Substitute from(l): 0.51303 = 0.01747a-0.04378(0.15cos 20°)a 

0.51303 = (0.01747 - 0.00617)a 

a = 45.41 rad/s 2 a = 45.4 rad/s 2 ) A 

( a ) Acceleration of the wedge . 

Eq. (1): n A = (0.15 cos 20°)a 

= (0.15cos 20°)(45.41) 

n A = 6.401 ft/s 2 a A = 6.40 ft/s 2 —► ◄ 
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PROBLEM 16.148* 

The 6-lb cylinder B and the 4-lb wedge A are held at rest in the 
position shown by cord C. Assuming that the cylinder rolls 
without sliding on the wedge and neglecting friction between the 
wedge and the ground, determine, immediately after cord C has 
been cut, (a) the acceleration of the wedge, (b) the angular 
acceleration of the cylinder. 


SOLUTION 


Kinematics : We resolve a /; into a A and a horizontal component a B/A 

a B ~ a A + a B/A 

Where a B/A = ra, since the cylinder B rolls on wedge A. 

a B/A ~ (0-25 ft )a 



Kinetics : Cylinder and wedge: 



a A - g sin 20° + — (0.25) cos 20 °a 
as 1Q 

a A - gsin20° + 0.15 cos20°a (1) 

Cylinder: +^Y.M E = 'L(M E ) tif : 0 = I a + (m B a B/A )( 0.25 ft) - ( m B a A cos20°)(0.25 ft) 


0 = -—(0.25 ft) 2 a + —(0.25a)(0.25) 

2 g g 

~—a A cos20°(0.25) 

g 

0 =—[0.1875a + 0.325a -1.4095u A ] 
g 

0 = 0.5625a-1.4095o A 

a = 2.506« A (2) 
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PROBLEM 16.149* (Continued) 


Bar AB: 


*1 

[Ah 

y a 

v 

1 

1 w 

B u i 

6 


B 


8 








.fie¬ 


ri 


"0 - X(M A ) eff : B X L - I a AB + (mci AB ) ^ 


Add (2) and (3): 
Subtract (1) from (4) 


Substitute for a BC in (1): 


Eq. (5) 
Data: 


m 2 

= — L a, o +m 
12 AB 


P 


V 


1 


P, = —mLa. 


3 

4 


P = — mLa AB +— mLa BC 


0 = -mha AB +—mLa BC 
6 6 




1 1 7 

P = — mLa AB + — mL(-5a AB ) = mLa 

2 3 6 


AS 


cr BC — 5 


6 P 

7 mL 

' 6 P 
v 7 liiL 


30 P 


7 mP 

L = 500 mm = 0.5 m, m = 3 kg, P = 20 N 
6 P 6 20 N 


^AS - ' 


7 mP 7 (3 kg)(0.5 m) 
= -11.249 rad/s 2 


( 3 ) 

( 4 ) 


( 5 ) 


( 6 ) 

( 7 ) 


a AB = 11.43 rad/s 2 4 


or, 


30 P 30 20 N 


BC 


7 mP 7 (3 kg)(0.5 m) 


= 57.143 rad/s 2 


a BC = 57-1 rad/s 2 4 
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PROBLEM 16.150* 



Each of the 3-kg bars AB and BC is of length L = 500 mm. A horizontal force P of 
magnitude 20 N is applied to bar BC. For the position shown, determine (a) the 
distance b for which the bars move as if they formed a single rigid body, (b) the 
corresponding angular acceleration of the bars. 
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PROBLEM 16.151* 

(a) Determine the magnitude and the location of the maximum bending moment in the rod of Problem 16.78. 

( b ) Show that the answer to Part a is independent of the weight of the rod. 


SOLUTION 

Rod AB: 


iff 

I 

i 


_ L 
a = —a 
2 


-0 = Z(M a ) eff : PL = (md) | + / 


a 


1 ) L 1 r2 

m—a —i- mL~a 

2 12 


n 




p 




I* 


3 P . 
a =— ) 
rnL ' 


(1) 


ZF *= z ( F *)eft : K-P = ~ma 


„ L „ If 3P 

A=P — m—a = P-m — - 

2 2 v 


P 

~2 


A =-P 
x 2 


Portion AJ of Rod: 


External forces : A x , W AJ , axial force shear V 7 , and bending moment Mj. 

Effective forces : Since acceleration at any point is proportional to distance from A, effective forces are 
linearly distributed. Since mass per unit length is m/L, at Point J we find 

' m) 


—J a i = ~(xa) 


Using (1): 


m 

— a, 

L 1 

m 


m 

L 


3 P 
mL 


3 Px 


+)ZMj =X(M y ) eff : 


M, 


- J - o 

L J L 2 

1 (3PxY2x 
- A r x = — 



21 L 


1 „ 1 P 3 

M, - —Px - - A' 

J 2 2 1} 


(2) 


For M \ 

A KJl 1 V-L max . 


2 2 1 } 


dx 


■S 


( 3 ) 
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PROBLEM 16.151* (Continued) 


Substituting into (2) 


1 PL IP 


j ) max „ rz ~ .i 


(Mj )max _ 


L _ 1 PL( 2 
2 73 2 L 2 {yf3 J _ 2 * 73 

PL 

373 


(4) 


Note: Eqs. (3) and (4) are independent of W. 


Data: 

Eq. (3): 

Eq. (4): 


L- 36 in., Z 3 = 1.5 lb 
L 36 in. 

x = = 20.78 in. 


(Mj) max _ 


(1.5 lb)(36 in.) 


373 

= 10.392 lb in. 


= 10.39 lb • in. located 20.8 in. below A A 
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PROBLEM 16.152* 

Draw the shear and bending-moment diagrams for the beam of Problem 16.84 immediately after the cable 
at B breaks. 


SOLUTION 

From answers to Problem 16.84: 


We now find 


Portion AJ of rod: 



External forces: Reaction A, distributed load per unit length mg/L, shear Vj, bending moment M 

Effective forces: Since a is proportional to x, the effective forces are linearly distributed. The effective force 
per unit length at / is: 



y="f.-"!.* + 

1 4 L 4 L 2 


+)ZMj =Z(Mj) cff : 


1 f 3 mg ) ( 


mg x mg 

x - x + M, =—, 

2 4 21 2 L 2 


x 'V 




Find V mi 


dV L = _wg^ + l5i x = 0; 

dx L 2 Is 


x = —L 
3 


2 L 


4 is 


V = 

min 


mg mg 


( 2 -l 

1 3 
+ — 

mgf 

'V 

2 

ii 

i 

1 cJq 

u , 

1 4 

Is 1 

.3 ; 


mm ^ 
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PROBLEM 16.153 


A cyclist is riding a bicycle at a speed of 20 mph on a horizontal road. The distance between the axles is 
42 in., and the mass center of the cyclist and the bicycle is located 26 in. behind the front axle and 40 in. 
above the ground. If the cyclist applies the brakes only on the front wheel, determine the shortest distance in 
which he can stop without being thrown over the front wheel. 
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PROBLEM 16.155 (Continued) 

Assume a BC is J) a A - (0.15 m)a BC \ 

a = (0.075 m )a BC 

+^)XM C = E(M c ) eff : 0 =/ disk < 2 disk — m disk a A (0.15 m) — m BC a (0.075 m) — I BC oc B c 
0 = (14.06xl0~ 3 kg• m 2 )(80 rad/s 2 ) - (5 kg)(0.15 m f a BC 
- (3 kg)(0.075 m f a BC - (5.625xlO 3 kg • m 2 )a BC 
0 = 1.125-0.1125 a BC -16.875 x 10 a BC - 5.625 x 10“ 3 a BC 
0 = 1.125-0.1350^ 

a Bc ~ +8-333 rad/s 2 a BC = 8.33 rad/s 2 J) 

a A =(AC)a BC =(0.15 m)(8.333 rad/s 2 ) 

a A = +1.25 m/s 2 a A - 1.250 m/s 2 j A 

Note: Answers can also be written: 

“disk = (80 rad/s 2 ) j a A = -(1 .25 m/s 2 )i 
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PROBLEM 16.156 


Identical cylinders of mass m and radius r are pushed by a series of moving arms. Assuming the coefficient of 
friction between all surfaces to be /u < 1 and denoting by a the magnitude of the acceleration of the arms, 
derive an expression for (a) the maximum allowable value of a if each cylinder is to roll without sliding, 
( b ) the minimum allowable value of a if each cylinder is to move to the right without rotating. 
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PROBLEM 16.157 

The uniform rod AB of weight W is released from rest when /i = 70°. 
Assuming that the friction force between end A and the surface is large 
enough to prevent sliding, determine immediately after release (a) the 
angular acceleration of the rod, (b) the normal reaction at A, (c) the 
friction force at A. 
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PROBLEM 16.157 (Continued) 


For P = 70°: 



(a) Eq. (1): 

3 geos70° 

a = —-- 

2 L 

oc = 0.513— ◄ 

L x 

(b) Eq. (3): 

( 3 > 

N, - mg 1 - cos 2 70° 

V 4 J 

N A = 0.912 mg\< 

(c) Eq. (2) 

3 

F a = — mg sin 70° cos 70° 

F a = 0.24 l/r/g —* M 
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PROBLEM 16.158 

The uniform rod AB of weight W is released from rest when /? = 10°. 
Assuming that the friction force is zero between end A and the surface, 
determine immediately after release (a) the angular acceleration of the 
rod, ( b ) the acceleration of the mass center of the rod, (c) the reaction at A. 
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PROBLEM 16.158 (Continued) 


- L a L 
a =—acos p - — 
2 2 


6 g cos /3 

v L 1 + 3cos 2 p 




cos P = 3g 


cos 2 P 
l + 3cos 2 p 


A = 


mL a 


mL 


6 cos P 6 


6g cos P 


1 


= mg - 


1 


L l + 3cos 2 P j cos P " l + 3cos 2 P 


:t 


For P = 70°: 


(a) 

6 g 

cr = — 


L 

(b ) 

« = 3 g- 

(c) 

A — mg 


6 g cos 70° 

L l + 3cos 2 70° 


cos 70 
1 + 3cos 2 70° 

1 

1 + 3cos 2 70° 


a = 1.519— ) ◄ 

L x 

a = 0.260g | ◄ 
A = 0.740 mg M 
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PROBLEM 16.159 (Continued) 


Substitute for F from (2) into (1): 


mg -6ma + Amg — ma 

/ r , . a. - m + Am 

(m + bm )a =(m + Am )g a — -—- g 

m + 6m 


m = 5 kg, m' — 2 kg: a = + ^ 

5 + 12 

- 13 1^ 
a = — g , ◄ 

17 * 
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PROBLEM 16.160 

A uniform plate of mass m is suspended in each of the ways shown. For each case determine immediately 
after the connection at B has been released (a) the angular acceleration of the plate, ( b ) the acceleration of its 
mass center. 


0 


@ 


Pin supports 


--Wires-- 

1§—Springs || 




B a! 1 


r _j_A 

1* 


i f i 

U- c -J 


- c -► 

i 


( 1 ) 


( 2 ) 


(3) 
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PROBLEM 16.160 (Continued) 


(3) Plate suspended from springs . Immediately after spring B is released, the tension in spring A is still 
\mg since its elongation is unchanged. 



( b ) Acceleration at mass center . 

Ja XF x = 1l(F x ) eff : 0 = ma x a x = 0 


+|IF V = E(F V ) eff : mg - jmg = ma y 

a y =~g a=0.5g{ ◄ 
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_ ZfTr 


PROBLEM 16.161 

8 in. 



A cylinder with a circular hole is rolling without slipping on a fixed 
curved surface as shown. The cylinder would have a weight of 16 lb 
without the hole, but with the hole it has a weight of 15 lb. Knowing 
that at the instant shown the disk has an angular velocity of 5 rad/s 
\ clockwise, determine (a) the angular acceleration of the disk, (b) the 


l A 


\ 


\ 

36 in. 

components of the reaction force between the cylinder and the ground 
at this instant. 


SOLUTION 


Geometry: Let the mass center G of the cylinder lie a distance b below the geometric center for the position 
shown. Let C, the contact point between the cylinder and the fixed curved surface, be the origin of a 
coordinate system, as shown. The position vector of a point is 

r = xi + yj 

Let r be the radius of the cylinder and R that of the fixed curved surface 
Kinematics : 


The acceleration a P at a point is given by 

a p ~ a c + a X r p/c — m r p/c 
Let «= <*) 

Then, using the coordinate system 


a p =[(%)*—<►] + [(% )y|] 

+[ya —►] + [x«{] 

+[yry 2 , } + [xar -—] 


Since the cylinder rolls without slipping on a fixed surface, 

(%)* = o 





For Points G and A, 

a G =[(a c )y}l + \(r-b)a-~] + [(r-b)a) 2 \] (1) 

a A =\(a c ) y \} + [ra—+ ] + [r<y 2 j] (2) 

Subtract Eq. (2) from Eq. (1) to eliminate (a c ) v 

a G = a A = [ba — ] + [fo» 2 "] 
a G =a A +[ba- — ]+[bar\] 

= K a a )x — ] + t(a,), 1 1 + Iba — ] + [bar j ] 

= [(r-fe)ar^] + [(a x ) y t] + [Wt] (3 ) 
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PROBLEM 16.161 (Continued) 


Point C is the instantaneous center, so that 

v A = rco —- 

Point A is constrained to move on a circle of radius 

p = R + r 

so its vertical component of acceleration is 


Using Eq. 3, 


(«»A)y 


2 2 2 
Ut |_ r a I 

P ' P 


a G =[(r-b)a 


+ 


f 2 

r 


P 



The effective force at the mass center is 

ma G = [m(r — b)a 


] + 


( 2 A 

-—b 


P 


or 




Kinetics : 


(a) 

(b) 


+J)ZM C =Z(M c ) eff : 0 +1 a + (r — b)m(r — b)a 
= [/ +m(r-b) 2 ]a 



Angular acceleration. 
Force components at C. 



c 


a = 0 -4 


ZF X = Z(F X ) eff : C x = m(r — b)a = 0 


C x =0 ◄ 



( 2 

■j HF y = £( F y ) eff : C y —W = —m 

— ~b 

l P J 




VP 

C V =W- — 

8 


( 2 ^ 

--h 
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PROBLEM 16.161 (Continued) 


It remains to determine the distance b from the mass distribution of the cylinder. 

The mass center G coincides with the centroid of a circular cylinder of area = nr 1 with a circular cut out of 
area A 2 = j^A, with its center located jr above the center of A v 



Data: 


r = 12in. = 1 ft, /? = 36in., p- 48 in. 


b = — (12) = 0.53333 in. 

45 

f r \ 144 

- b - -0.53333 = 2.4667 in.-0.20556 ft 

KP J 48 

1 ^ IK 

C v = 15 lb--(0.20556 ft)(5 rad/s) 2 

y 32.2 ft/s 2 


C-12.61 lb| ◄ 
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PROBLEM 16.162 

The motion of a square plate of side 150 mm and mass 2.5 kg is guided 
by pins at comers A and B that slide in slots cut in a vertical wall. 
Immediately after the plate is released from rest in the position shown, 
determine (a) the angular acceleration of the plate, ( b ) the reaction at 
corner A. 


SOLUTION 


Kinematics: 


AG = |V2=A a G/A = (AB)a = ±| 





Law of cosines 


a 2 = a A ■ a G/A — 2 a A a G/A cos 15° 

a 2 =(0.5 La) 2 + (0.707 La) 2 
-2(0.5 La)(0.707La) cos 15° 
a 2 =L 2 a 2 ( 0.25 + 0.5-0.68301) 
a 2 =1} a 2 (0.06699) 
a = 0.25882Lcr 
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PROBLEM 16.162 (Continued) 


Law of sines. 


a a G/A . n a G/A . lco 0.707 La 

-=-; sin/? =-sinl5 —- 

sinl5° sin/? a 0.25950La 

sin/? = 0.707; /? = 135° 

a = 0.2583La^45° 


sin!5 c 


Kinetics : (co- 0) 

We find the location of Point E where lines of action of A and B intersect. 


MG = 

V2 

^ZLEAG = 15° 



(EG) y = 0.6829L - 0.5L = 0.183L 
(EG) = (0.183L)V2 = 0.2588L 

I — — ml} 

6 
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PROBLEM 16.163 

Solve Problem 16.162, assuming that the plate is fitted with a single pin 
at comer A. 

Problem 16.162 The motion of a square plate of side 150 mm and mass 
2.5 kg is guided by pins at corners A and B that slide in slots cut in a 
vertical wall. Immediately after the plate is released from rest in the 
position shown, determine (a) the angular acceleration of the plate, 
( b ) the reaction of corner A. 
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PROBLEM 16.164 



The Geneva mechanism shown is used to provide an intermit¬ 
tent rotary motion of disk S. Disk D weighs 2 lb and has a 
radius of gyration of 0.9 in. and disk S weighs 6 lb and has a 
radius of gyration of 1.5 in. The motion of the system is 
controlled by a couple M applied to disk D. A pin P is attached 
to disk D and can slide in one of the six equally spaced slots cut 
in disk S. It is desirable that the angular velocity of disk S be 
zero as the pin enters and leaves each of the six slots; this will 
occur if the distance between the centers of the disks and the 
radii of the disks are related as shown. Knowing disk D rotates 
with a constant counterclockwise angular velocity of 8 rad/s 
and the friction between the slot and pin P is negligible, 
determine when <j> = 150° (a) the couple M, (b) the magnitude 
of the force pin P applies to disk S. 


SOLUTION 

Geometry: 

Law of cosines . 

Law of sines. 


r 2 = 1.25 2 + 2.50 2 - (2)(1.25)(2.50)cos30° 
r = 1.54914 in. 

sin 13 _ sin 30° 

1.25 “ ~ 

J3 = 23.194° 



2. SO Ia, 


Let disk S be a rotating frame of reference. 

Q. = co s f Q = a s ) 

Motion of coinciding Point P' on the disk. 

V = rco s - 1.549 14(0 S f\/7 

a P - =-a s kxi PIO -co 2 s r PIO =[1.54914or s [\/?]-i-[L54914<y^^] 

Motion relative to the frame. 


’ P/S 


— u f) a P/s — u (3 


Coriolis acceleration. 


2co s u N [3 

y p = y p , + y m = [1.5491 4(O s \ /3] + [u ^ /3] 
a P — a p +a ra -t- 2 0 )^n 

= [1.549 14a s (\ f3] + [1.54914ty 2 ^ (3} + [u ^ f3\ + [2co s ii \J/9] 
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PROBLEM 16.164 (Continued) 

Motion of disk D. (rotation about B) 

y p = (BP)q) d = (1.25)(8) = 10 in./s ^30° 

a P = [( BP)cc d -jr 60°] + [(BP)co 2 s ^ 30°] = 0 + [(1.25)(8) 2 30°] 

= 80 in./s 2 30° 

Equate the two expressions for \ p and resolve into components. 

1.5491401; =10cos(30° + ft) 

lOcos 53.794° 

co , =- 

s 1.54914 

= 3.8130 rad/s 

fd\ u = 10sin(30° + /0 = 10sin53.794° = 8.0690 in./s 
Equate the two expressions for a P and resolve into components. 

\\J3: 1.54914a s -2a» s w = 80sin (30° + J3) 

_ 80sin53.794° + (2)(3.8130)(8.0690) 

CC r — 

s 1.54914 

= 81.391 rad/s 2 

Kinetics : 
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PROBLEM 16.164 (Continued) 


Disk S: 


Disk D: 


fa. = 


I a D -0 


—ft ] (81.391 rad/s 2 ) = 0.23697 lb • ft 
32.2 ft/s 2 A 12 J 

since a D — 0 


)lM 0 =IM ef{ : Pr = I 
1.54914 


ft 

12 j 


= 0.23697 lb • ft 


P = 1.8356 lb 


r = 90° -30° -^ = 36.206° 

+")IM B =I(M B ) eff : M-(Psinr) 
(1.25X1.8356 sin 36.206°) 


f 1.25 ^ 

~Y1 


ft 


M = - 


12 


= 0.11294 lb ft 


(a) Couple M. 

(i b ) Magnitude of contact force. 


M = 1.355 lb-in' ◄ 
P = 1.836 lb ◄ 
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CHAPTER 17 







PROBLEM 17.CQ1 

A round object of mass m and radius r is released from rest at the top of a curved surface and rolls without 
slipping until it leaves the surface with a horizontal velocity as shown. Will a solid sphere, a solid cylinder or 
a hoop travel the greatest distance c? 

(i a ) A solid sphere 

(b) A solid cylinder 

(c) A hoop 

(i d) They will all travel the same distance. 

H--V 



SOLUTION 

Answer: (a) It has the smallest mass moment of inertia, so it will have the greatest speed at the bottom of the 
surface. 
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PROBLEM 17.CQ2 

A solid steel sphere A of radius r and mass m is released from rest and rolls without slipping down an incline 
as shown. After traveling a distance d the sphere has a speed v. If a solid steel sphere of radius 2 r is released 
from rest on the same incline, what will its speed be after rolling a distance dl 

(a) 0.25 v 

( b ) 0.5 v 

(c) v 

(d) 2v 

(e) 4v 



SOLUTION 

Answer: (c) Using conservation of energy you can show that the speed after traveling a distance d will be 
independent of the mass and the radius. 
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PROBLEM 17.CQ3 

Slender bar A is rigidly connected to a massless rod BC in Case 1 and two massless cords in Case 2 as shown. 
The vertical thickness of bar A is negligible compared to L. In both cases A is released from rest at an angle 
6 — 6q. When 6—0° which system will have the larger kinetic energy? 

(. a ) Case 1 

( b ) Case 2 

(c) The kinetic energy will be the same. 


Case 1 Case 2 




SOLUTION 

Answer: (c) 
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PROBLEM 17.CQ4 


In Problem 17.CQ3, how will the speeds of the centers of gravity compare for the two cases when 6- 0°? 

(a) Case 1 will be larger. 

( b ) Case 2 will be larger. 

(c) The speeds will be the same. 
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PROBLEM 17.CQ5 


Slender bar A is rigidly connected to a massless rod BC in Case 1 and two massless cords in Case 2 as shown. 
The vertical thickness of bar A is not negligible compared to L. In both cases A is released from rest at an 
angle d-d 0 . When 6 = 6° which system will have the largest kinetic energy? 

( a ) Case 1 

( b ) Case 2 

(c) The kinetic energy will be the same. 


Case 1 Case 2 
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PROBLEM 17.1 

The rotor of an electric motor has an angular velocity of 3600 rpm when the load and power are cut off. The 
50-kg rotor then coasts to rest after 5000 revolutions. Knowing that the kinetic friction of the rotor produces a 
couple of magnitude 4 N • m, determine the centroidal radius of gyration of the rotor. 


SOLUTION 


Angular velocities: 


Angular displacement: 


„_ rev lmin 2/r rad 

<x\ =3600- 

min 60 s rev 


= 120/r rad/s 


co 2 - 0 


5000 rev = 10000 n rad 


Principle of work and energy: 7, + U l ^ = T 2 : 

T x =i/(120;r) 2 = 71.061xl0 3 / 

t 2 =\To^ = 0 

u^ 2 =-M0 = -(4 N • m)(10000;r rad) = -40000;r N • m 
71.061xl0 3 7-40000;r = 0 

7 = 1.76839 kg m 2 
/ =mk 2 


Centroidal radius of gyration. 



J l.76839 kg nr =01gglm 
V 50 kg 


k - 188.1 mm A 
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PROBLEM 17.2 

It is known that 1500 revolutions are required for the 6000-lb flywheel to coast to rest from an angular 
velocity of 300 rpm. Knowing that the radius of gyration of the flywheel is 36 in., determine the average 
magnitude of the couple due to kinetic friction in the bearings. 


SOLUTION 



Angular velocity: 

C0q = 300 rpm 

= 1 0/r rad/s 

(0 2 = 0 


Moment of inertia: 

T = mk 2 = 6000 lb (3 ft) 2 

32.2 ft/s 2 



= 1677 lb • ft • s 2 


Kinetic energy: 

h ~- 1 



= ^(1677)(10;r) 2 



= 827,600ft-lb 



o 

II 

e-T 1 


Work: 

U !_> 2 = —M G 



= -M (1500 rev)(2;r rad/rev) 

= -9424.7M 


Principle of work and energy: 

T| + ^l->2 = ^2 

827,600 - 9424.7M =0 


Average friction couple: 

M =87.81 lb -ft 

M= 87.8 lb-ft ◄ 
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Principle of work and energy: 


But, 


From (1) 


Radius of disk B: 


PROBLEM 17.3 (Continued) 


Ti+U^ 2 = 
0 + 376.991 = 

Aotal — 


I A ~ 


0.19099 = 


n = 


r K = 


t 2 

i/ total ( 20 tt) 2 

0.19099 slug ft 2 


1 2 

~ m A r A 


1 


301b 

32.2 



0.080875 slug-ft 2 


(1 + 3» 4 )(0.080875) 

0.45383 

0.82078 


nr A = (0.82078X5 in.) = 4.1039 in. 


r B = 4.10 in. A 
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PROBLEM 17.4 (Continued) 


Value of n for maximum final speed. 


( -2 


For maximum v n : 


dn 


v 1 + 3 /t j 


= 0 


1 [n 2 (12n 3 ) - (1 + 3n 4 )(2«)] = 0 


(1 + 3?z 4 ) 2 


12« 5 — 2;z - 6« 5 = 0 
2n(3n 4 — 1) = 0 


n = 0 and n = 


= 0.7598 


! = 0.760 ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1705 




PROBLEM 17.5 

The flywheel of a small punch rotates at 300 rpm. It is known that 1800 ft • lb of work must be done each time a 
hole is punched. It is desired that the speed of the flywheel after one punching be not less that 90 percent of the 
original speed of 300 rpm. (a) Determine the required moment of inertia of the flywheel. (I?) If a constant 25-lb • ft 
couple is applied to the shaft of the flywheel, determine the number of revolutions which must occur between each 
punching, knowing that the initial velocity is to be 300 rpm at the start of each punching. 


SOLUTION 

Angular velocities: a\ = 300 rpm = 1 0k rad/s 

co 2 = 0.90m, = 9 k rad/s 

Principle of work and energy: 7j + C/ 1 _ >2 = T 2 

7] =1/*? =17(10*)’ 

T 2 =^To£=^T(9k) 

U^ 2 = -1800 ft -lb 

- 7 (1 Ok) 2 - 1800 = - 7 (9k) 1 
2 2 

(a) Required moment of inertia. 

7 = 2(180Q) = 19.198lb-ft s 2 7 = 19.20lb-ft s 2 ◄ 

7T 2 (100-81) 

(b) Number of revolution between each punching. 

Definition of work: ^ 2 -u - M 9: 

1800 ft lb = (25 lb • ft)# 

9 = 72 rad = 11.459 rev 9 = 11.46 rev A 
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PROBLEM 17.6 

The flywheel of a punching machine has a mass of 300 kg and a radius of gyration of 600 mm. Each punching 
operation requires 2500 J of work, (a) Knowing that the speed of the flywheel is 300 rpm just before a 
punching, determine the speed immediately after the punching. ( b ) If a constant 25-N • m couple is applied to 
the shaft of the flywheel, determine the number of revolutions executed before the speed is again 300 rpm. 


SOLUTION 

Moment of inertia. 

Kinetic energy. Position 1. 


Position 2. 


I — mk 

= (300 kg)(0.6 m) 2 
= 108 kg • m 2 

a\ = 300 rpm 
= 10;r rad/s 

T,=\lot 

= ^(108)(10;r) 2 
= 53.296 x10 3 J 
T 2 = 2-Ia% = 54 co\ 


Work. 

Principle of work and energy for punching. 


U |_, 2 = -2500 J 


(a) 


7j + U^ 2 = T 2 : 53.296xlO 3 - 2500 = 5Ac£ 


co- = 940.66 


a> 2 = 30.67 rad/s 


Principle of work and energy for speed recovery. 

T 2 + f/ 2 ^i - T x 
U 2 ^= 2500 J 
M = 25 N • m 


co 2 = 293 rpm 4 


U 2 ^i - MO 2500=250 0 = 100 rad 


(b) 


0 = 15.92 rev A 
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PROBLEM 17.7 

Disk A, of weight 10 lb and radius r = 6 in., is at rest when it is placed in 
contact with belt BC, which moves to the right with a constant speed 
v = 40 ft/s. Knowing that fi k = 0.20 between the disk and the belt, determine 
the number of revolutions executed by the disk before it attains a constant 
angular velocity. 



SOLUTION 

Work of external friction force on disk A. 

Only force doing work is F. Since its moment about A is M = rF, we have 


Kinetic energy of disk A. 

Angular velocity becomes constant when 


U 


l —>2 


■ MO 

■ rF 6 

■■ r(fl k mg)6 


( 02 = — 
r 

7j =0 

t 2 =\t4 


in 


2\2 
2 

tnv 


- mr 


V 
w v 


Principle of work and energy for disk A. 


7| +U ] _ 2 =T 2 : 0 + rjJ. k mgO = 


mv 


Angle change 
Data: 


9 - - 

4 rju k g 

r = 0.5 ft 

Mk = °- 20 
v = 40 ft/s 

9 - - 


-rad 


(40 ft/s)*- 


8^0.5 ft)(0.20)(32.2 ft/s 2 ) 



9 = - 


%xrju k g 


-rev 


6 = 19.11 rev ◄ 
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PROBLEM 17.8 



Disk A is of constant thickness and is at rest when it is placed in contact 
with belt BC, which moves with a constant velocity v. Denoting by ju k the 
coefficient of kinetic friction between the disk and the belt, derive an 
expression for the number of revolutions executed by the disk before it 
attains a constant angular velocity. 


SOLUTION 

Work of external friction force on disk A. 

Only force doing work is F. Since its moment about A is M — rF, we have 

U^ 2 = M6 
= rF 6 
= r{ju k mg)6 

Kinetic energy of disk A. 

v 

Angular velocity becomes constant when Oh= — 

r 

T t =0 

T 2 = { -Jco 2 2 

1(1 2 
2\2 
mv 2 


f x2 
' v 


Principle of work and energy for disk A. 


T \ +U^ 2 = T 2 : 0 + r/J k mg 6 - 


mv 


Angle change. 


9 = 


4rjU k 8 


- rad 



9 = -rev A 

8 nrii k g 
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PROBLEM 17.9 

The 10-in.-radius brake drum is attached to a larger flywheel 
which is not shown. The total mass moment of inertia of the 
flywheel and drum is 16 lb ■ ft • s 2 and the coefficient of kinetic 
friction between the drum and the brake shoe is 0.40. Knowing that 
the initial angular velocity is 240 rpm clockwise, determine the 
force which must be exerted by the hydraulic cylinder if the system 
is to stop in 75 revolutions. 


SOLUTION 


Kinetic energies. 


a\ = 240 rpm = 8/r rad/s 
7 = 16 lb-ft-s 2 

7i = ^Toy = ^-(16)(8^) 2 = 5053 ft • lb 


co 2 - 0 


T 2 =0 


0-15 rev = 15{2n) - 150tt rad 

(150;r rad) = -392.1 F 



fio V 

F 

—ft 


112 JJ 


Angular displacement. 

Work. t/,_ 2 = -MO = 

Principle of work and energy. 1\ + U 1 _ 2 = T 2 : 

5053-392.7 F =0 F = 12.868 lb 

F - jU k N: 12.868 = (0.40)7V N = 32.17 lb 


Free body brake arm: 

+)'ZM a - 0: B(6 in.) + F(6 in.) — 1V(18 in.) = 0 

B (6 in.) + (12.868 lb)(6 in.) - (32.17 lb)(18 in.) = 0 

F = 83.64 lb 


U> 
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PROBLEM 17.10 

Solve Problem 17.9, assuming that the initial angular velocity of the 
flywheel is 240 rpm counterclockwise. 

PROBLEM 17.9 The lO-in.-radius brake drum is attached to a 
larger flywheel which is not shown. The total mass moment of 
inertia of the flywheel and drum is 16 lb ft - s 2 and the coefficient of 
kinetic friction between the drum and the brake shoe is 0.40. 
Knowing that the initial angular velocity is 240 rpm clockwise, 
determine the force which must be exerted by the hydraulic cylinder 
if the system is to stop in 75 revolutions. 


SOLUTION 


Kinetic energies. 


a\ = 240 rpm = 8 n rad/s 
7 = 16 lb-ft-s 2 

7i = = ^(16)(8^) 2 = 5053 ft • lb 


a> 2 = 0 


T 2 =0 


0-15 rev = 15(271) - 150;r rad 

(150;r rad) = -392.75 



fio v 

f\ 

—ft 


112 )\ 


Angular displacement. 

Work. f/ 12 =-M0 = 

Principle of work and energy. T } + U { _ 2 = T 2 : 

5053-392.75 =0 5 = 12.868 lb 

F - /J k N: 12.868 = (0.40 )N N - 32.17 lb 


Free body brake arm: 

+)I:M a = 0: 5(6 in.) - 5(6 in.) - A(18 in.) = 0 

5(6 in.) - (12.868 lb)(6 in.) - (32.17 lb)(l8 in.) = 0 

5 = 109.37 lb 


CO 



B - 109.4 lb ◄ 
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PROBLEM 17.11 

Each of the gears A and B has a mass of 2.4 kg and a radius of 
gyration of 60 mm, while gear C has a mass of 12 kg and a radius 
of gyration of 150 mm. A couple M of constant magnitude 10 N • m 
is applied to gear C. Determine (a) the number of revolutions of 
gear C required for its angular velocity to increase from 100 to 
450 rpm, ( b ) the corresponding tangential force acting on gear A. 


SOLUTION 



Moments of inertia. 



Gears A and B: 

1 A — 1 B — mk 2 = (2.4)(0.06) 2 = 8.64xl0' 3 kg • m 2 

Gear C: 

I c — (12)(0.15) 2 = 270xl0~ 3 kg • m 2 

Kinematics. 

r A CO A = r B CO B = r c (O c 



200 

= 2.5<y c 


0 A =0 H =2.50 C 


Kinetic energy. 

T - — I co 2 : 

2 


Position 1. 

C0 c = 100 rpm = rad/s 


co A - co B - 250 rpm = 

25 A, 

= —k rad/s 

3 

Gear A: 

(T\)a =-^(8.64x10 -3 ) 

( 25 *J = 2.9609 J 

Gear B: 

(T 1 ) iJ =i(8.64xlO- 3 ) 

[^ 25;r j = 2.9609 J 

Gear C: 

(7;) c =i(270xl0- 3 ) 

12^ j = 14.8044 J 

System: 

7j = (Ti) a + (Ti)fl + <7i) c = 20.726 J 

Position 2. 

C0 c = 450 rpm -\5k rad/s 
oo A — co B — 31 .5k rad/s 

Gear A: 

(T 2 ) a = ^-(8.64xl0 _3 )(37.5 k) 2 = 59.957 J 
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PROBLEM17.il (Continued) 



Gear B: 

(T 2 ) B = ^(8.64x10~ 3 )(37.5;t) 2 =59.957 J 



Gear C: 

(T 2 ) c = ^-(270x10 3 )(15 ^t) 2 = 299.789 J 



System: 

T 2 = (X 2 ) a +(T 2 )b+(T 2 ) c = 419.7 J 


Work of couple. 

U^2 = Md c = \0d c 


Principle of work and energy for system. 



7]+£/,_> 2 =T 2 : 20.726 + 106» c =419.7 




6 C = 39.898 radians 


(a) 

Rotation of gear C. 


9 C - 6.35 rev A 


Rotation of gear A. 

0 A =(2.5)(39.898) 

= 99.744 radians 



Principle of work and energy for gear A. 



(Ti)a+MA 

t = (r 2 ) A : 2.9609 + M A (99.744) = 59.957 




M A =0.57142 N-m 


(b) 

Tangential force on 

„ „ M a 0.57142 

gear A. F. = —— =- 

r A 0.08 

F t = 7.14 N ◄ 
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PROBLEM 17.12 



Solve Problem 17.11, assuming that the 10-N • m couple is applied 
to gear B. 

PROBLEM 17.11 Each of the gears A and B has a mass of 2.4 kg and 
a radius of gyration of 60 mm, while gear C has a mass of 12 kg 
and a radius of gyration of 150 mm. A couple M of constant 
magnitude 10 N • m is applied to gear C. Determine (a) the number 
of revolutions of gear C required for its angular velocity to increase 
from 100 to 450 rpm, ( b ) the corresponding tangential force acting 
on gear A. 


SOLUTION 



Moments of inertia. 



Gears A and B: 

I A — I B = mk 2 = (2.4)(0.06) 2 = 8.64xl0' 3 kg • m 2 

Gear C: 

7 C = (12)(0.1 5) 2 = 270 x 10~ 3 kg • m 2 

Kinematics. 

r A (0 A = r B CO B = r c (O c 



200 

m A~ ~ go ~ 

= 2.5<y c 


0 A =0 B =2.50 C 


Kinetic energy. 

T - —lor : 

2 


Position 1. 

C 0 c - 100 rpm = rad/s 


0) A - co B ~ 250 rpm 

25 A! 

= — k rad/s 

3 

Gear A: 

(r i ) A -i(8.64xl0- 3 ) 

( 25 * }A 2.9609 J 

Gear B: 

(T\) b = ^-(8.64x10 -3 ) 

[ 25 GA 2.9609 J 

Gear C: 

(r i ) c =i(270xl0- 3 )[ 

10;r j = 14.8044 J 

System: 

T\ - (J\) A + (7i)fl + (T x ) c = 20.726 J 
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PROBLEM 17.12 (Continued) 


Position 2. 

co c = 450 rpm = 15;r rad/s 
(0 A -co B - 21.571 rad/s 


Gear A: 

(T 2 ) a = (8.64 x 10~ 3 )(37.5;r) 2 = 59.957 J 


Gear B: 

(T 2 ) B = |(8.64xl0“ 3 )(37.5/r) 2 =59.957 J 


Gear C: 

(T 2 ) c = i (270 x 10~ 3 )(15;r) 2 = 299.789 J 


System: 

r 2 = (r2) A + (r 2 ) B + (7;) c = 4i9.7j 


Work of couple. 

u ^ 2 = M 0 B = U )e B 


Principle of work and energy for system. 


h + ^l->2 ~ ^2 : 

20.726+ 106> b =419.7 



0 B - 39.898 radians 


(a) Rotation of gear C. 

39 898 

= ^ = 15 .959 radians 

c 2.5 

9 C = 2.54 rev A 

Rotation of gear A. 

6 A = 0 B = 39.898 radians 


Principle of work and energy for gear A. 


(T l ) A + M A 9 A =(T 2 ) A : 2.9609+ M a (39.898) = 59.957 



M a =1.4285 N-m 


( b ) Tangential force on gear A. 

f _M a _ 1.4285 
' r A 0.08 

F t = 17.86 N ◄ 
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PROBLEM 17.13 

The gear train shown consists of four gears of the same 
thickness and of the same material; two gears are of radius r, 
and the other two are of radius nr. The system is at rest when 
the couple M 0 is applied to shaft C. Denoting by 7o the moment 
of inertia of a gear of radius r, determine the angular velocity 
of shaft A if the couple M 0 is applied for one revolution of 
shaft C. 


SOLUTION 

Mass and moment of inertia: 

For a disk of radius r and thickness t: 


For a disk of radius nr and thickness t, 


m = p(nr 2 )t = pntr 2 

~r 1 2 1 / ’i 2 1 4 

l 0 =—mr = —(pntr~)r — —pntr 


1 = —pnt(nr) 4 


/ = nh 


Kinematics: 


If for shaft A we have co 


) 


Then, for shaft B we have co B = 0) A /n ) 

And, for shaft C we have (0 C = 0) A /n 2 ) 

Principle of work-energy: 

Couple M 0 applied to shaft C for one revolution. 6 — 2n radians, 


71 = 0 , 


U i_ 2 = M 0 6 = M 0 (2n radians) = 2nM 0 
^2 =^(7 s ha &a) W A + ^(7 s haft B^B + ^hhaStc) 0) C 


~~ 1 o w a + 2^ 1q + 


(O a \ 1 . 4 y . 

- +t(» 7 o) 

n 2 


CO „ 


V n 




n +2 + — 
v n 


l T ^ 

= 2 7 o <°a 


n + - 


l- 2 f 1 

T\ +t/|_ 2 = Tp 0 + 2nM 0 = —I 0 co A n + — 

2 I n 


Angular velocity. 


or. 


4 nM n 


(» + *) 


CO 


2 n nM n 


A 2 i i 
n +1 
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PROBLEM 17.14 

The double pulley shown has a mass of 15 kg and a 
centroidal radius of gyration of 160 mm. Cylinder A 
and block B are attached to cords that are wrapped 
on the pulleys as shown. The coefficient of kinetic 
friction between block B and the surface is 0.2. 
Knowing that the system is at rest in the position 
shown when a constant force P = 200 N is applied to 
cylinder A, determine (a) the velocity of cylinder A 
as it strikes the ground, (b) the total distance that 
block B moves before coming to rest. 


SOLUTION 

Kinematics. Let r A be the radius of the outer pulley and r B that of the inner pulley. 


Lr = rA- 


Sr — S a 


Use the principle of work and energy with position 1 being the initial rest position and position 2 being when 
cylinder A strikes the ground. 

7 | + ^ 1^2 = A- 


where 

and 


T x =0 


^2 - 2 m ^ V /t + t m B V B + 2 


with m A =5kg, m B — 15 kg, I c — m c k^ — (15 kg)(0.160 m) 2 = 0.384 kg • m 2 


% =- 
- 2 


m R r R l r 

r A r A 


5kg | (15 kg)(0.150 m) 2 | 0.384 kg m 2 


(0.250 m) 


(0.250 m) 


: (8.272 kg)v 2 


Principle of work and energy applied to the system consisting of blocks A and B and the double pulley C. 
Work. 2 ~ ? s a + m A S s a~ Ff s b ~ m B g s b s in 30° 

where s A =lm 
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PROBLEM 17.14 (Continued) 


and 


0.150 m 


Sr =- 


-Si =■ 


(1 m) = 0.6 m 


r A 0.250 m 
To find Ff use the free body diagram of block B. 

^£60° 1.F - 0: N b - m B g cos 30° = 0 

N B = m B g cos 30° = (15 kg)(9.81 m/s)cos 30° = 127.44 N 
F f = jU k N B = (0.2)(127.44 N) = 25.487 N 
U^ 2 = (200 N)(l m) + (5 kg)(9.81 m/s 2 )(l m) 

- (25.487 N)(0.6 m) - (15 kg)(9.81 m/s 2 )(0.6 m)sin 30° 
= 189.613 J 

Work-energy: 0 + 189.613 J = (8.272 kgjv 2 

(a) Velocity of A. 

when the cylinder strikes the ground, 


gl 


v A = 4.1811 m/s 



-v, =- 


0.150 m 
0.250 m 


(4.7877 m/s) = 2.8726 m/s 


(O r 


v A 4.7877 m/s 


0.250 m 


= 19.1508 rad/s 


After the cylinder strikes the ground use the principle of work and energy applied to a system 
consisting of block B and double pulley C. 

Let T 3 be its kinetic energy when A strikes the ground. 

rr 1 2 . 1T 2 

^3 - f m B v B + ^ ) h C0 C 

= ^(15 kg)(2.8726 m/s) 2 + ^(0.384 kg • m 2 )(19.1508 rad/s) 2 
= 132.305 J 

When the system comes to rest, T 4 = 0 

f / 3 ^4 =-(25.487 N)4-(15kg)(9.81m/s 2 )(4sin30°) 

= -(99.062 N)4 

where s' B is the additional travel of block B. 

T 3 + U 3 . 4 = T 4 : 132.305 J - (99.062 N)s' =0 


s' B = 1.3356 m 


( b ) Total distance: 


s B + s B - 1.936 m 4 
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50 mm 100 mm 150 mm 


50 mm 


PROBLEM 17.15 

Gear A has a mass of 1 kg and a radius of gyration of 30 mm; gear B 
has a mass of 4 kg and a radius of gyration of 75 mm; gear C has a 
mass of 9 kg and a radius of gyration of 100 mm. The system is at rest 
when a couple M 0 of constant magnitude 4 N • m is applied to gear C. 
Assuming that no slipping occurs between the gears, determine the 
number of revolutions required for disk A to reach an angular velocity 
of 300 rpm. 


SOLUTION 

Moments of inertia'. 
Gear A: 

Gear B: 

Gear C: 


I = mk 


I A = (1 kg)(0.030 m)“ = 0.9 xlO' 3 kg • nr 
I B = (4 kg)(0.075 m) 2 = 22.5 x 10~ 3 kg • m 2 
l c = (9 kg)(0.100 m) 2 = 90xl0~ 3 kg • m 2 


Let r A be the radius of gear A, r\ the outer radius of gear B. r 2 the inner radius of gear B, and r c the radius of 
gear C. 

r A = 50 mm, t\ -100 mm, r 2 = 50 mm, r c = 150 mm 
At the contact point between gears A and B , 

y 

r x a> B = r A d) A : C0 B =—(0 A = 0.5(0 A 
>] 

At the contact point between gear B and C. 

r, 

r c a> c = r 2 co B : (O c -—CO B - 0.33333 0 ) B 


co c =0.16667 co A 


Kinetic energy: 


T - n I A®A + 2 + 2 

T = -l[0.9xl0 -3 ®^ + (22.5xl0 -3 )(0.5<y A ) 2 + (90xl0 _3 )(0.16667<y A ) 2 ] 
= (4.5125 x 10~ 3 kg • m 2 )ar A 
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PROBLEM 17.15 (Continued) 


Use the principle of work and energy applied to the system of all three gears with position 1 being the initial 
rest position and position 2 being when co A = 300 rpm. 


In rad 

co A =- 

rev 


lmin 

60s 


•300 


rev 


nun 


= 31.416 rad/s 


7;=0 

T 2 = (4.5125xl0“ 3 kg • m 2 )(31.416 rad/s) 2 =4.4565 J 


C/ 1 _ >2 - M6 C = (4 N • m)0 c 
Principle of work and energy. 

T\ +U^ 2 =T 2 : 0 + 4.4565 J = 4(N-m)<9 c 


e c =1.11413 rad 






Or- 


0.16667 
6.6848 rad 
2n rad/rev 


- = 69 r = 6.6848 rad 


0 A = 1.063 rev A 
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PROBLEM 17.16 


A slender rod of length l and weight W is pivoted at one end as shown. It is 
released from rest in a horizontal position and swings freely, (a) Determine 
the angular velocity of the rod as it passes through a vertical position 
and determine the corresponding reaction at the pivot, ( b ) Solve part a for 
W— 1.8 lb and / = 3 ft. 
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PROBLEM 17.16 (Continued) 


(b ) Application of data: 

W = 1.8 lb, / = 3 ft 



7 = 3g_ = 3g_ = 322 rad 2 /s 2 

2 1 3 

a> 2 = 5.67 rad/s J 4 


A = —W = —(1.81b) 

2 2 

A = 4.5 lb | ◄ 
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PROBLEM 17.17 

A slender rod of length / is pivoted about a Point C located at a distance b 
from its center G. It is released from rest in a horizontal position and swings 
freely. Determine (a) the distance b for which the angular velocity of the rod 
as it passes through a vertical position is maximum, ( b ) the corresponding 
values of its angular velocity and of the reaction at C. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



1723 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1724 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1725 







PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1726 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1727 







PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1728 





PROBLEM 17.20 

A 160-lb gymnast is executing a series of full-circle swings 
on the horizontal bar. In the position shown he has a small 
and negligible clockwise angular velocity and will maintain 
his body straight and rigid as he swings downward. Assuming 
that during the swing the centroidal radius of gyration of his 
body is 1.5 ft, determine his angular velocity and the force 
exerted on his hands after he has rotated through (a) 90°, 
(b) 180°. 


SOLUTION 



Position 1. ( Directly above the bar). 



Elevation: 

h t = 3.5 ft 


Potential energy: 

V 1 = Wh x = (160 lb)(3.5 ft) = 560 ft • lb 


Speeds: 

co |=0, vj = 0 


Kinetic energy: 

T x =0 


(a) Position 2. ( Body at level of bar after rotating 90°). 


Elevation: 

II 

O 


Potential energy: 

ii 

o 


Speeds: 

v 2 — 3.5co 2 . 


Kinetic energy: 

T 2 - —mv 2 h — mk 2 ax; 



= 36.025<y 2 2 A 

, L~a 

— C\ -N_ 

Principle of conservation of energy. R* 

v 

T 1 +V l =T 2 +V 2 : 0 + 560 = 36.025 co] 

niQt 


co 2 =15.545 co 2 

= 3.94 rad/s J 4 
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PROBLEM 17.20 (Continued) 



Kinematics: 

a t = 3.5cr 




a n = 3.5 at = (3.5X15.545) = 54.407 ft/s 2 — 



+>M 0 = £(M 0 ) eff : (3.5)(160) = ^j(3.5)(3.5ar) + ^l(1.5) 2 ar 




a = 7.7724 rad/s 2 a, = 27.203 ft/s 2 { 



J^ZF x = ma n : 

R = | 1160 1 (54.407) = 270.35 lb — 

* y32.2 J 

f' 

” Jjwa. 

+ 

ii 

_§ 

* v -160 = -(|f](27.203)t 




R y = 24.83 lb | R 

= 21 lib 5.25° ◄ 

(b) Position 3. ( Directly below bar after rotating 180°). 



Elevation: 

X, =-3.5 ft. 



Potential energy: 

V 3 = wh 3 = (160)(-3.5) = -560 ft • lb 



Speeds: 

v 3 = 3.5©,. 



Kinetic energy: 

= 36.025©) 



Principle of conservation of energy. 



T x+ V^ 

r 3 +V 3 : 0 + 560 = 36.025©, 2 - 560 




©^ — 31.09 

oo 3 = 

5.58 rad/s J A 

Kinematics: 

a n = (3.5)(31.09) = 108.81 ft/s 2 ) 



From 

XM 0 =X(M 0 ) eff and XF V = 0 , 




S 

ii 

p 

II 

o 

ii 

o 



+ K 

= ma n : R y -160 = ^1(108.81) 




R y = 700.62 lb 


R =701 lb ◄ 
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1^_ T _^1 

PROBLEM 17.21 



-i_/ 

L._ 

d r 

A collar with a mass of 1 kg is rigidly attached at a distance 



•wC 

U * 

d — 300 mm from the end of a uniform slender rod AB. The rod 


C_ 1 

" 11 

-1 

has a mass of 3 kg and is of length L - 600 mm. Knowing that the 

A 


B 

rod is released from rest in the position shown, determine the 




angular velocity of the rod after it has rotated through 90°. 


SOLUTION 

Kinematics. 

Rod 

Collar 
Position 1. 

Position 2. 


Data: 

From Eq. (1), 



v c = dco 
( 0 = 0 



7] = 0 V, =0 


1 _2 1 — 2 1 2 

T 2 = —m R v K + — I R C0" + —>n c \’c 


1 

( L 

f If 

' i .A 

—m p 
2 Rl 

— CO 


— m K IS 

,12 R J 

u , 

j 21 


1 2 

— m c d~(D 


1 t -2^,2 . 1 » 2^,2 

= —m R Lco H—/n c a <y 
6 2 


V 2 =-W c d-W R - 


1 


r 1+ V 1= r 2 +V 2 : 0 + 0= -m R If + -m c d z co 1 -W c d-W R - 


2 _ 3(2 W c d + W c L) _ 3g(2m c d + m R L) 
3m c d~ + m R Is 3m c d 2 + m R Is 

m c = 1 kg, d = 0.3 m, = 3 kg, L - 0.6 m 


or - 3(9.81) 


(2)(1)(0.3) + 3(0.6) 
3(1)(0.3) 2 +3(0.6) 2 


= 52.32 


00 = 7.23 rad/s A 
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PROBLEM 17.23 

Two identical slender rods AB and BC are welded together to 
form an L-shaped assembly. The assembly is pressed against a 
spring at D and released from the position shown. Knowing that 
the maximum angle of rotation of the assembly in its subsequent 
motion is 90° counterclockwise, determine the magnitude of the 
angular velocity of the assembly as it passes through the position 
where rod AB forms an angle of 30° with the horizontal. 
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A 


PROBLEM 17.24 

The 30-kg turbine disk has a centroidal radius of gyration of 175 mm and is 
rotating clockwise at a constant rate of 60 rpm when a small blade of weight 
0.5 N at Point A becomes loose and is thrown off. Neglecting friction, determine 
the change in the angular velocity of the turbine disk after it has rotated through 
(a) 90°, (b) 270°. 


SOLUTION 

Mass of blade. m A =51 grams = 0.051 kg 

Weight of blade. m A g - (0.051)(9.81) = 0.5 N 

Moment of inertia about O. I Q - mk 2 - m A r£ = 30(0.175) 2 - 51xl0~ 3 (0.3) 2 = 0.91416 kg • m 2 
Location of mass center for the position shown. 

(m - m A )x = —m A r A x - 

m - m A 

Position 1. 0 = 0°, - 60 rpm = 2 n rad/s 


Kinetic energy: 




1 

2 


w 


Center of gravity lies at the level of Point O. 
Potential energy: 

(a) Position 2. 


/?, = 0 


Vi = (mg - m A g)hi = 0 


0 - 90° 


Kinetic energy: 


^2 _ ^ h)°h 


Center of gravity lies a distance 


m A r A 

m - m A 


above Point O. 


m — m A 

Potential energy: V 2 = (mg - m A g)h 2 = wi A g r A = (0.5)(0.3) = 0.150 N m 
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PROBLEM 17.24 (Continued) 


Conservation of energy. 7] + V 1 — T 2 + V 2 : 

^ W + 0 = l -l 0 (o\ + V 2 

0 % = ofi - ^2- - (2;r) 2 - (2)(0 ' 15) ffl, = 6.257016 rad/s 
1 0 0.91416 

Ary = co-, — C 0 \= 6.257016 — 2;r = —0.02617 rad/s 


(b) Position 3. 

Kinetic energy: 


8 = 270° 


^3 _ 2 


A<y = -0.250 rpm ^ 


Center of gravity lies a distance 


m A r A 
m - m A 


below Point O. 


, h = -JMa_ 

m — m A 

Potential energy: V 3 = (mg - m A g)h 3 = -m A gr A = -(0.5)(0.3) = -0.15 N-m 

Conservation of energy. 7j + V, = T 3 +V 3 : 

— l 0 o\ + 0 = —I 0 co 3 + V 3 


(f - cf - -2- = (2;r) 2 

ry, = 6.309246 rad/s 


(2X-0.15) 

0.91416 


Ary = co 3 - co { = 6.309246 - In = 0.026061 rad/s 

A co = 0.249 rpm M 
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PROBLEM 17.25 

A rope is wrapped around a cylinder of radius r and mass m as shown. Knowing that 
the cylinder is released from rest, determine the velocity of the center of the cylinder 
after it has moved downward a distance .v. 
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PROBLEM 17.26 

Solve Problem 17.25, assuming that the cylinder is replaced by a thin-walled pipe of 
radius r and mass in. 

PROBLEM 17.25 A rope is wrapped around a cylinder of radius r and mass m as 
shown. Knowing that the cylinder is released from rest, determine the velocity of the 
center of the cylinder after it has moved downward a distance 5. 
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PROBLEM 17.27 

A 45-lb uniform cylindrical roller, initially at rest, is acted upon by a 20-lb 
force as shown. Knowing that the body rolls without slipping, determine 
( a ) the velocity of its center G after it has moved 5 ft, (b) the friction force 
required to prevent slipping. 
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PROBLEM 17.28 

A small sphere of mass m and radius r is released from rest at A and 
rolls without sliding on the curved surface to Point B where it leaves 
the surface with a horizontal velocity. Knowing that a = 1.5 m and 
h = 1.2 m, determine (a) the speed of the sphere as it strikes the ground 
at C, (b) the corresponding distance c. 
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PROBLEM 17.29 

The mass center G of a 3-kg wheel of radius R -180 mm is located at a distance 
r — 60 mm from its geometric center C. The centroidal radius of gyration of the 
wheel is k - 90 mm. As the wheel rolls without sliding, its angular velocity is 
observed to vary. Knowing that co = 8 rad/s in the position shown, determine 
( a ) the angular velocity of the wheel when the mass center G is directly above the 
geometric center C, ( b ) the reaction at the horizontal surface at the same instant. 


SOLUTION 



v', = ( BG)o\ 

= V( 0 . 18 ) 2 +( 0 . 06 ) 2 ( 8 ) 

= 8a/ 0.036 m/s 
v 2 = 0.24<y, 
m — 3 kg 
k = 0.09 m 

Position 1. Vj - 0 

rp 1-2,1 T2 

T \ = 2 WV 1 + ^ Io \ 

= - (3X8^0.036 ) 2 + —(3)(0.09) 2 (8) 2 
2 2 

= 4.2336 J 

Position 2. V 2 = Wh 

= mgh 

= (3)(9.81)(0.06) 

= 1.7658 J 

rp 1 -2,1.2 

l 2 = —mv 2 + — Ico 2 

= i (3X0.24^ ) 2 +i(3)(0.09) 2 ty 2 
= 0.09855ty 2 
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PROBLEM 17.30 

A half section of pipe of mass m and radius r is released from rest in the position 
shown. Knowing that the pipe rolls without sliding, determine (a) its angular 
velocity after it has rolled through 90°, ( b ) the reaction at the horizontal surface 
at the same instant. [Hint: Note that GO = 2rtn and that, by the parallel-axis 
theorem, / =mr 2 -m(GO) 2 .] 
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1 

i 


PROBLEM 17.31 

/K 

r 

A sphere of mass m and radius r rolls without slipping inside a curved 

\ / R 


surface of radius R. Knowing that the sphere is released from rest in the 
position shown, derive an expression (a) for the linear velocity of the 


/a 

sphere as it passes through B, ( b ) for the magnitude of the vertical 
reaction at that instant. 
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PROBLEM 17.32 

Two uniform cylinders, each of weight W = 14 lb and radius r— 5 in., are connected 
by a belt as shown. Knowing that at the instant shown the angular velocity of 
cylinder B is 30 rad/s clockwise, determine (a) the distance through which cylinder A 
will rise before the angular velocity of cylinder B is reduced to 5 rad/s, (I?) the 
tension in the portion of belt connecting the two cylinders. 



SOLUTION 

Kinematics. 

V D = V E = rC0 B 

Point C is the instantaneous center of cylinder A 

Vn rco , 


co A 


cd 


1 

- -—(Ob 

2 r 2 

1 


rco A =-r(°B 


V n = 2v A 


Kinetic energy of the system. 


T =}-mvl + ^I a>l+^I a>l 


T 1 

1 — — m 
2 



(r 1 

I 2 1 

f 1 2 \ 

(1 1 

2 

f i zl 

~(Or 

U B j 

+ — 
2 

v 2 mr J 

~(Or 

U B ) 

+ 

[2 J 


T = —mr 2 col 
16 B 

Position 1: ( C0 B ), = 30 rad/s ) 

Position 2: ( co B ) 2 = 5 rad/s ') 

Work. For the system considered, the only force which does work is the weight of disk A. 

t/j_ 2 = -Wh = —mgh 

where h is the rise of cylinder A. 


( 1 ) 
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PROBLEM 17.32 (Continued) 


Principle of work and energy. 


7 7 

T \ +JJ \-2= T 2- tt mr ' 2 («B)i 2 - m S h = 77W"' 2 («B>2 

16 16 


[(^5)1 (^,5)2] 

16 g 


(2) 


16 


A ft 

V12 , 


1 


32.2 ft/s“ 


-[(30 rad/s)" -(5 rad/s)"] = 2.064 ft 


(a) Rise of cylinder A. 

(b) Tension in cord DE. Let Q be its value. 

Recall that v D = 2v A thus D moves twice the distance that A moves, i.e 2h\ 

T\ = -jT(0J B )] 

T'l ~ — I (Mb) 2 
U l _ 2 =-Q(lh) 

f + u x _ 2 = t 2 

] -T(co B )l-2Qh = ^T(co H ) 2 2 

Qh= i -T[(oj B )]-(oj B ) 1 2 \ 


h = 2.06 ft ◄ 


Divide Equation (3) by Equation (2): 


4 7r 2 4 


If 

V 


1 2 

—mr 

2 


16 g _ 2 



7r“ 


— 7?ig = — W 


(3) 


(4) 


(2 = _(14 lb) 


Tension = Q — 4.00 lb A 
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PROBLEM 17.33 

Two uniform cylinders, each of weight W — 14 lb and radius r — 5 in., are connected 
by a belt as shown. If the system is released from rest, determine ( a ) the velocity of 
the center of cylinder A after it has moved through 3 ft, ( b ) the tension in the portion 
of belt connecting the two cylinders. 



SOLUTION 

Kinematics. 


'■ rCO R 


Point C is the instantaneous center of cylinder A. 


CO A 


V D 

CD 


r ®B 

2 r 


1 


r(0 A =-r(0 B 


v D = 2v a 

Kinetic energy of the system. 

1 


T = ^mv] +—I or A +—Ia>l 


T = —m\ —co. 


If 1 2 

H— —mr 

21 2 


~(O n 


l f 

+ — 

2 v 


1 2 

— mr 
2 


T = - 


2,.,2 


16 


-mr (D\ 


B 



Position 1: At rest T f = 0 

Position 2: Center of cylinder C has moved 3 ftj. 

Work. For the system considered, the only force which does work is the weight of disk A. 

U x _2 = Wh = (14 lb)(3 ft) = 42 ft • lb 
where h is the distance that cylinder A falls. 
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A 

t3 



~T 

h 

A 

3 


3 

~T 

h 

-L A 

a 


13 

B 

53 

_ 


B 

3 


3 

B 

el 


13 


(a) ( b ) (c) 


PROBLEM 17.34 

A bar of mass m - 5 kg is held as shown between 
four disks each of mass m — 2 kg and radius 
r = 75 mm. Knowing that the forces exerted on 
the disks are sufficient to prevent slipping and 
that the bar is released from rest, for each of the 
cases shown determine the velocity of the bar 
after it has moved through the distance h. 


SOLUTION 

Let v be the velocity of the bar (v = v {), be the velocity of the mass center G of the upper left disk, 
(v = v |) and CO be its angular velocity. 

For all three arrangements, the magnitudes of mass center velocities are the same for all disks. Likewise, the 
angular speeds are the same for all disks. 


Moment of inertia of one disk. 

Kinetic energy. 


7 1 ' 2 
I = —mr 

2 


1 ? 

T = —mv 2 + 4 
2 


-m(v) 2 + -ICO 2 

2 2 


T = — (5)v 2 + 4 
2 


-(2)(v0 2 +-|-|(2)rV 
2 21 2 1 


= 2.5v 2 +4(v) 2 +2rV 

Position 1. Initial at rest position. 7, = 0 

Position 2. Bar has moved down a distance h. All the disks move down a distance If. 

Work U j_^ 2 = m £h + 4 m'gh' - 5gh + Sgh' 

Kinematics and kinetic energy for case (a). 

The mass center of each disk is not moving. 

h' = 0 



v =0, 


CO - 


rCO = v 


T 2a = 2.5v 2 + 0 + 2v 2 = 4.5v 2 
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PROBLEM 17.34 (Continued) 


Kinematics and kinetic energy for case ( b). 

The instantaneous center C of a typical disk lies at its point of contact 



Kinematics and kinetic energy for case (c). 

The mass center of each disk moves with the bar. 
v = v, h” — h 

The instantaneous center C of a typical disk lies at its point of contact 
with the fixed wall. 

v = r(0 — v, 

..2 , . o .,2 



(a) 0 + 5 gh + 0 = 4.5v 2 

( b ) 0 + 5 gh + 4gh = 4.0v' 2 


(c) 0 + 5 gh + 8 gh = 8.5v 2 


T 2c = 2.5v + (4)v + 2v = 8.5 v 

Ty + Uy 


'l-»2 _ ^2 


■ = 1.054 yfgh< 

■ = 1.500 yfgh< 

■ = 1.237Vift ◄ 
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75 mm 



PROBLEM 17.35 

The 5-kg rod BC is attached by pins to two uniform disks as 
shown. The mass of the 150-mm-radius disk is 6 kg and that 
of the 75-mm-radius disk is 1.5 kg. Knowing that the system 
is released from rest in the position shown, determine the 
velocity of the rod after disk A has rotated through 90°. 


SOLUTION 

Position 1. 


Position 2. 
Kinematics. 


Kinetic energy. 


7] =0 




' AB 


BE 0.075 m 


v A = 2v b = 2v ab 


CF 0.075 m 


®AB ~ 0 


^2 - r, m A V A + r, lA®A + 2 m AB V AB + ^ m B V B + r, ^B^B 


(6ft/s)(2v AB ) 2 + i(6kg)(0.15m) 2 | +(5kg)v 

Z V vJ.U / j 


1 

T 


+ (1.5 kg)(v AB ) 2 + ^ (1.5 kg)(0.075 mY 


r 


V 


AB 


0.075 


= ^-[24 + 12+ 5+ 1.5 +0.75] 
T 2 = 21.625 


2 

AB 
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PROBLEM 17.35 (Continued) 


Work: 

U^ 2 = W AB (0.1125 m - 0.075 m) 

= (5 kg)(9.81)(0.0375 m) 

2 =1.8394 J 


Principle of work and energy: 

A + >2 = A 

0 + 1.8394 J = 21.625 v\ B 
v\ B = 0.08506 
v AB = 0.2916 m/s 


Velocity of the rod. 


\ AB = 292 mm/s —- A 
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PROBLEM 17.36 

The motion of the uniform rod AB is guided by small wheels of 
negligible mass that roll on the surface shown. If the rod is released 
from rest when 6 - 0, determine the velocities of A and B when 
0 = 30°. 
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SOLUTION 


Kinematics: 

Let \ A = v A - —, \ B = v B L and c a- CO ). Locate the instantaneous 

center C by drawing AC perpendicular to \ A and BC perpendicular 
to v B . Triangle GCB is isosceles. 

GA = GB = GC = LI2. The velocity of the mass center G is 
v = v G = Leo! 2 


Kinetic energy: 


'T —2 . 1 r . 2 

i - —mv h —l co 
2 2 


1 


I + — ml} 
4 


co 



Since the ladder can slide freely, the friction forces at A and B are zero. 
Use the principle of conservation of energy. 

T i+Vi =T 2 +V 2 : 

Potential energy. Use the ground as the datum. 

V = mgh 

where h = — cos 6 

2 
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PROBLEM 17.37 (Continued) 


Position 1. 

6 = 20°; rest (7, = 0) 


Position 2. 

6 - 45°; co-2 



L if- 1 A 9 L 

0 + ?ng — cos 20° — — I-\ — mL co + mg — cos 45° 

2 2 v 4 J 2 


Data: 

m — 15 kg. L = 5m g- 9.81 m/s 2 


Assume 

I = —ml} = —(15 kg)(5 m) 2 =31.25 kg • m 2 

12 12 



1 +— ml} = 31.25 kg • m 2 + —(15 kg)(5 m) 2 = 125 kg • m 2 

4 4 

(15 kg)(9.81 m/s 2 )(2.5 m)(cos20°- cos 45°) = ^(125 kg • m 2 )<y 2 



CO 2 - 1.3690 rad 2 Is 2 co - 1.17004 rad/s 


Angular velocity. 

co = 1.170 rad/s J A 

Velocity of end A. 



v A = coLcos 0 = (1.17004 rad/s)(5 m)cos30° 

v A = 5.07 m/s - — A 
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PROBLEM 17.38 (Continued) 

Position 2. 6 — 6, ; (0 — ? 


„ L n lf 7 1 ,,1 

| 2 L 

0 + mg—cos6> = —\ I H —mL 

or 4- mg— cost/. 

2 2 v 4 ) 

1 °2 

~ 1 2 

Assume 1 =—mL 


12 


l 4— ml} - —ml} 


4 3 


? 3# 

co =— (cos# 0 -cos# 2 ) 

Angular velocity. 

co — ^3g(cos — cos 0, l/L ^ -4 
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PROBLEM 17.39 (Continued) 


Conservation of energy: 

T\ + V t = T 2 +V 2 




0 + 2.787 ft -lb = 0.2022(9? 



ox = 13.7849 

co 2 = 3.713 rad/s 

co 2 = 3.71 rad/s f A 

Velocity of B: 

v B — Lo ) 2 — 

f 25 m ' 1(3.713 rad/s) 
v 12 ) 



= 7.735 ft/s 

v B = 7.74 ft/s | ◄ 
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A 



PROBLEM 17.40 

The ends of a 9-lb rod AB are constrained to move along slots cut in a 
vertical plane as shown. A spring of constant k — 3 lb/in. is attached to 
end A in such a way that its tension is zero when 0 = 0. If the rod is 
released from rest when 0 = 0, determine the angular velocity of the 
rod and the velocity of end B when 0 = 30°. 


SOLUTION 

Moment of inertia. Rod. 
Position 1. 


I = — mis 
12 


^lAVWT 

O 


rW 


Position 2. 


0 X -O vj=0 a\- 0 
/z, = elevation above slot. 
e x = elongation of spring. 


1 9 1 - 7 

J, =-mv 1 2 +-/m 2 =0 

2 2 

Vi =2-ket+Wh x = 0 
0 = 30° 


h x = 0 
e x -0 



e 2 + Lcos30° = L 


e 2 = L(l-cos30°) 

h, = —-sin30° = —--L 
n 2 4 


1 


V 2 = ^ke\ +Wh 2 =^kl}( 1 - cos 30°) 2 - ^ WL 

Kinematics. Velocities at A and B are directed as shown. Point C is the instantaneous center of rotation. From 
geometry, b = -^. 


v — bco — — 0 ) 

2 

v B = (Lcos 30 °)m 

rj, 1 -2 . 1 T . .2 

P——mv H —ICO 
2 2 2 


1 


f L ' 

f 1/ 

' 1 r 2^| 


m 

— CO 


— inL 

2 


v 2 , 

) 2( 

,12 ) 



= ——L 2 <y 2 
6 g 
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PROBLEM 17.40 (Continued) 


Conservation of energy. 



T\+V x = T 2 +V 2 : 

1 W , , 1 , ,1 

0 + 0 =- L- or + - kL 2 (1 - cos 30°) 2 — WL 

6 g 2 4 

<y 2 = 38 3 kg (1 cos30°) 2 

2 L W 


Data: 

W = 91b 

g = 32.2 ft/s 2 

L = 25 in. = 2.0833 ft 

k = 3 lb/in. = 36 lb/ft 



2 (3)(32.2) (3)(36)(32.2)(1 - cos 30°) 2 

CO" = —-—-- 

(2)(2.0833) 9 

= 16.2484 

CO = 4.03 rad/s J 4 


v B =(2.0833)(cos30°)(4.03) 

\ H = 121 ft/s { ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1764 





PROBLEM 17.41 

The motion of a slender rod of length R is guided by pins at A and B which 
slide freely in slots cut in a vertical plate as shown. If end B is moved 
slightly to the left and then released, determine the angular velocity of the 
rod and the velocity of its mass center ( a ) at the instant when the velocity 
of end B is zero, (b) as end B passes through Point D. 


SOLUTION 


The rod AB moves from Position 1, where it is nearly vertical, to Position 2, where v /( = 0. 

In Position 2, \ A is perpendicular to both CA and AB, so CAB is a straight line of length 2 L and slope 
angle 30°. 

In Position 3 the end B passes through Point D. 


Position P. 



Position 2: Since instantaneous center is at B , 

1 


V 2 ~ n 

T* ^ —2 - I t 2 

1 2 = — mv 2 +—I(0 2 


1 1 


in 


—ml — Rdh H— —mR 

/-\ ^ I i /-n 


2 v 12 


co. 


= —mR° ccfi 

6 

V 2 = Who = mg — 


Position 3: V 2 — 0 

Since both v 4 and v /; are horizontal, - 0 





(i) 
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PROBLEM 17.42 



Each of the two rods shown is of length L — 1 m and has a mass of 5 kg. 
Point D is connected to a spring of constant k — 20 N/m and is constrained 
to move along a vertical slot. Knowing that the system is released from 
rest when rod BD is horizontal and the spring connected to Point D is 
initially unstretched, determine the velocity of Point D when it is directly 
to the right of Point A. 


SOLUTION 

Moments of inertia. 


I — — ml}, /, — —mis 
12 A 3 


Position 2. 


Use the principle of conservation of energy applied to the system consisting of both rods. Use the level at A as 
the datum for the potential energy of each rod. 

Position 1. (no motion) 

7i= 0 

Vi = mg f^-Lj + mgL+^kx{ 

= -m gL + -kx{ 

2 2 



V 2 = mg — sin 60° + mg — sin 60° 

= —— mgL + — kx} 

2 2 



dr ky. 
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PROBLEM 17.42 (Continued) 


Kinematics. 


■) 


v b= L(0 ab = Lo hu ^ 3()0 

V D ='7)1 



Locate the instantaneous center C of rod BD by drawing BC perpendicular to x B and DC perpendicular to \ D . 
Point C coincides with Point A in position 2. 


Let 


J 


(On 


L 

L 


co. 


V E ~ ^ m AB 




v G = (Lsin 60 °)co BD =—Lco AB 
v D = Lco bd — Lco ab 

^2 = —IA m AB + ~ 1 0i BD + — mV G 


1(1 r2 2 1(1 

= — —mL \(0, o+— — mL~ 
21 3 2112 


2 1 

' . + 

2 




-CO 


'AB 


= 1 — + — + — I ml} (0 2 ab = — ml} CO 1 ,, 

6 24 8 J AB 12 


Principle of conservation of energy. 


3 17 \f3 1 2 

T l +V l =T 2 +V 2 : 0 + — mgL H— kx{ - — mLco AB H—— mgL-\ — kx\ 
7 7 12 2 2 


Data: 


— ml} col K = 

12 


m = 5 kg, L = 1 m, g = 9.81 m/s 2 
& = 20 N • m, Xj = 0, .x 2 = L = 1 m 

r 3 VP 


^3_Vf 
2 2 


mgL - — k(x j — x 2 ) 


V 


mgL = (0.63397X5 kg)(9.81 m/s z )(l m) = 31.096 J 


y 


-3/t(x 2 2 -x 2 ) = 3(20 N/m)(l m) 2 = -10 J 


( 1 ) 


(2) 
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PROBLEM 17.42 (Continued) 


By Eq. (2), 

^ml}or AB = ^|kg • m 2 j co 2 ab = 21.096 J 



co AB = 7.2329 rad 2 /s 2 co AB = 2.6894 rad/s 


ByEq.(l), 

v D = (1 m)(2.6894 rad/s) 

\ D = 2.69 m/s, 4 
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PROBLEM 17.43 

The 4-kg rod A B is attached to a collar of negligible mass at A and to a flywheel 
at B. The flywheel has a mass of 16 kg and a radius of gyration of 180 mm. 
Knowing that in the position shown the angular velocity of the flywheel is 60 rpm 
clockwise, determine the velocity of the flywheel when Point B is directly below C. 


240 mm 
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PROBLEM 17.43 (Continued) 

Position 2. Point B is directly below C. 

A = ^ A AB ~ r 

= -(0.72)-0.24 
2 

= 0.12 m 

v 2 =w AB h 2 

= (4)(9.81)(0.12) 

= 4.7088 J 


Kinematics. 


v B - ra> 2 - 0.24 a> 2 


(0 A n — ' 


= 0.33333<y, 


0.72 

v = —v B — 0.12<y, 

A = ^ m AB V + Tj^AB C 0 AB + ^C C0 2 


1 



1 


Conservation of energy. 
Angular speed data: 
Solving Equation (1) for co 


= i (4)(0.12<y, ) 2 + i (0.1728)(0.33333ty 2 ) z + ^ (0.5184)<y 2 
= 0.2976<y; 


T 1 +V l = T 2+V 2 : 0.3744<yf+13.3185 = 0.2976<y, 2 +4.7088 


= 60 rpm = 2;r rad/s 


<y 2 = 8.8655 rad/s 


(1) 


00 2 = 84.7 rpm ^ A 
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PROBLEM 17.44 

If in Problem 17.43 the angular velocity of the flywheel is to be the same in the 
position shown and when Point B is directly above C, determine the required 
value of its angular velocity in the position shown. 

PROBLEM 17.43 The 4-kg rod AB is attached to a collar of negligible mass at A 
and to a flywheel at B. The flywheel has a mass of 16 kg and a radius of gyration 
of 180 mm. Knowing that in the position shown the angular velocity of the 
flywheel is 60 rpm clockwise, determine the velocity of the flywheel when Point 
B is directly below C. 
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PROBLEM 17.45 

The uniform rods AB and BC of masses 2.4 kg and 4 kg, 
respectively, and the small wheel at C is of negligible mass. If the 
wheel is moved slightly to the right and then released, determine the 
velocity of pin B after rod AB has rotated through 90°. 


SOLUTION 

Moments of inertia. 
Rod AB: 

Rod BC: 


I A = X -m AB L 2 AB = 1(2.4)(0.360) 2 = 0.10368 kg-m 2 
7 = ~ m B C I^BC = ■~(4)(0.600) 2 - 0.1200kg-m 2 


Position 1. As shown with bar AB vertical. Point G is the midpoint of BC. 

V, = m AB gh AB + m BC gh BC = (2.4)(9.81)(0.180) + (4)(9.81)(0.180) = 11.3011 J 
Rod BC is at rest. 


co BC - 0 


v = v G = v B = v c = 0 


T x = 0 


CO 


'AB 


= 0 


AB 


Position 2. Rod AB is horizontal. 


-* 

3—-: 

:_ 

- 5) 

ihr- j 

^3 


J 

> fc 

r~ 

^4 ///<•, 


V 2 =0 


Kinematics. 


co 


'AB 


-AB 


1 


0.360 

1 


co, 


’BC 


L bc 0.600 


_ 1 

V = — V n 


1 A°^\B + ~ m BC 1 ’ 2 + ~ICO BC 


= —(0.10368) 
= 1.06667Vn 


0.360 


1 


1 


1 


H—(4) —Vn +-(0.1200) 


c \ 2 

v B 

0.600 J 


Conservation of energy. 7j + V, = T 2 + V 2 : 0 + 11.3011 = 1.06667 v B 


v B = 3.25 m/s 


v B = 3.25 m/s M 
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PROBLEM 17.46 

The uniform rods AB and BC of masses 2.4 kg and 4 kg, respectively, 
and the small wheel at C is of negligible mass. Knowing that in the 
position shown the velocity of wheel C is 2 m/s to the right, 
determine the velocity of pin B after rod AB has rotated through 90°. 


SOLUTION 

Moments of inertia. 

Rod AB: 

Rod BC: 


I A = ] ~m AB L 2 AB = i(2.4)(0.36) 2 - 0.10368 kg • m 2 

T = —m Rr L 2 = — (4)(0.600) 2 = 0.1200 kg m 2 
12 BC 12 


Position 1. As shown with rod AB vertical. Point G is the midpoint of BC. 

^1 ~ ^AB^AB + '^BcJ l BC 

= (2.4)(9.81)(0.180) + (4)(9.81)(0.180) 

= 11.301 J 

Kinematics: At the instant shown in Position 1, 

®bc ~ 0 

v = v G = v B — v c = 2 m/s 


H),\ R — ‘ 


■ = 5.5556 rad/s 


L ab 0.36 

= —^A^AB + ~^ m BC V + 2 l0} BC 

= ^(0.10368)(5.5556) 2 + ^(4)(2) 2 + 0 


= 9.6 J 

Position 2. Rod AB is horizontal. 
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PROBLEM 17.47 

The 80-mm-radius gear shown has a mass of 5 kg and a centroidal 
radius of gyration of 60 mm. The 4-kg rod A B is attached to the center 
of the gear and to a pin at B that slides freely in a vertical slot. 
Knowing that the system is released from rest when 0 = 60°, determine 
the velocity of the center of the gear when 0 = 20°. 


SOLUTION 

Kinematics. 


*B ~ V B 1 


Point D is the instantaneous center of rod AB. 


CO A R — " 


L cos# 

v B = (Lsind)co AB = v A tan# 


v r =—co AR =—-— 
G 2 AB 2 cos# 


Gear A effectively rolls without slipping, with Point C being the contact point. 


v c =0 


Angular velocity of gear 


CO A 


Potential energy: Use the level of the center of gear A as the datum. 


V = -W, 


AB 


—cos# I = — m AB gLcos0 
v 2 ) 2 


Kinetic energy: 


1 


1 - 


^ ~ 2 W/ ' V ' 4 + t I A®A + ^ m AB V e + ^ 1 AB a*AB 





Masses and moments of inertia: m A — 5 kg, m AB — 4 kg 

I A = m A k 2 = (5)(0.060) 2 = 0.018 kg • m 2 
Tab ^ h m A B L 2 = "~r(4)(0.320) 2 - 0.03413 kg • m 2 
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PROBLEM 17.48 

Knowing that the maximum allowable couple that can be applied to a shaft is 15.5 kip • in., determine the 
maximum horsepower that can be transmitted by the shaft at (a) 180 rpm, (b) 480 rpm. 


SOLUTION 

(a) 

M =15.5 kip • in. 

= 1.2917 kip ft 

= 1291.7 lb - ft 

co- 180 rpm 



= 6k rad/s 

Power - M co 

= (1291.7 lb - ft)(6 K rad/s) 

= 24348 ft • lb/s 

TT 24348 

Horsepower =- 

550 

= 44.3 hp 

◄ 

(b) 

co- 480 rpm 



= 16/r rad/s 

Power = Mco 

= (1291.7 lb ft)(16 n rad/s) 

= 64930 ft • lb/s 

TT 64930 

Horsepower =- 

550 

= 118.1 hp 

◄ 
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PROBLEM 17.49 


Three shafts and four gears are used to form a gear train 
which will transmit 7.5 kW from the motor at A to a machine 
tool at F. (Bearings for the shafts are omitted from the 
sketch.) Knowing that the frequency of the motor is 30 Hz, 
determine the magnitude of the couple which is applied to 
shaft (a) AB, ( b ) CD, (c) EF. 


SOLUTION 

Kinematics. (0 AB — 30 Hz 

= 30(2;r)rad/s 
= 60/r rad/s 

Gears B and C. r B = 75 mm 

r c =180 mm 

r B c° AB ~ r c a CD : (75 mm)(60/r rad/s) = (180 mm ){co CD ) 

Gears D and E. co CD — 25n rad/s 

r D = 75 mm 
r E =180 mm 

r D C0 cD ~ r E C0 EF : (75 mm)(25;r rad/s) = (180 mm)(%) 

a>EF = 10.4167;r rad/s 




Power 

= 7.5 kW 



(a) 

Shaft AB. 

Power = M ab (O ab : 

7500 W = M ab (6Qk rad/s) 

Mab = 39.8 N • m 

◄ 

(b) 

Shaft CD. 

Power = M cd O) cd : 

7500 W -M cd (25k rad/s) 

M co = 95.5 N-m 

◄ 

(c) 

Shaft EF. 

Power = M ef (O ef : 

7500 W = M ef (10.4167* rad/s) 

M ef = 229 N • m 

◄ 
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- ; 

. - 

j— PROBLEM 17.51 

aJ 

b( 

The experimental setup shown is used to measure the power output of a small turbine. 


' 

-18 in.-*- 

When the turbine is operating at 200 rpm, the readings of the two spring scales are 

10 and 22 lb, respectively. Determine the power being developed by the turbine. 



J 


SOLUTION 


Angular velocity. co = 200 rpm = 20.944 rad/s 
Moments about the fixed axle. 





M = (22 lb - 10 lb) 


f 9 ^ 

—ft 
v 12 j 


= 9 lb ft 


Power (9)(20.994) = 188.5 lb - ft/s 


188.5 lb - ft/s 
550 lb • ft/s/hp 


Power = 0.343 hp 
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PROBLEM 17.CQ6 

Slender bar A is rigidly connected to a massless rod BC in Case 1 and two massless cords in Case 2 as shown. 
The vertical thickness of bar A is negligible compared to L. If bullet D strikes A with a speed Vo and becomes 
embedded in it, how will the speeds of the center of gravity of A immediately after the impact compare for the 
two cases? 

(a) Case 1 will be larger. 

( b ) Case 2 will be larger. 

(c) The speeds will be the same. 


Case 1 


Case 2 




SOLUTION 

Answer: (b) 
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PROBLEM 17.CQ7 

A 1-m long uniform slender bar AB has an angular velocity of 12 rad/s and its 
center of gravity has a velocity of 2 m/s as shown. About which point is the 
angular momentum of A smallest at this instant? 

(a) P, 

(b) P 2 

(c) P 3 

id) P 4 

(e) It is the same about all the points. 


SOLUTION 

Answer: (a) 
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PROBLEM 17.FI 

The 350-kg flywheel of a small hoisting engine has a radius of gyration 
of 600 mm. If the power is cut off when the angular velocity of the 
flywheel is 100 rpm clockwise, draw an impulse-momentum diagram 
that can be used to determine the time required for the system to come 
to rest. 


AK 

/ \ 

/ 120 kg 1 
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PROBLEM 17.F2 

A sphere of radius r and mass m is placed on a horizontal floor with no linear velocity 
but with a clockwise angular velocity co 0 . Denoting by ju k the coefficient of kinetic 
friction between the sphere and the floor, draw the impulse-momentum diagram that 
can be used to determine the time t\ at which the sphere will start rolling without 
sliding. 
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PROBLEM 17.F3 

Two panels A and B are attached with hinges to a rectangular plate 
and held by a wire as shown. The plate and the panels are made of 
the same material and have the same thickness. The entire assembly 
is rotating with an angular velocity C0o when the wire breaks. Draw 
the impulse-momentum diagram that is needed to determine the 
angular velocity of the assembly after the panels have come to rest 
against the plate. 


SOLUTION 

Answer: 
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PROBLEM 17.52 

The rotor of an electric motor has a mass of 25 kg, and it is observed that 4.2 min is required for the rotor to 
coast to rest from an angular velocity of 3600 rpm. Knowing that kinetic friction produces a couple of 
magnitude 1.2 N m, determine the centroidal radius of gyration for the rotor. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1788 






PROBLEM 17.53 

A small grinding wheel is attached to the shaft of an electric motor 
which has a rated speed of 3600 rpm. When the power is turned off, the 
unit coasts to rest in 70 s. The grinding wheel and rotor have a combined 
weight of 6 lb and a combined radius of gyration of 2 in. Determine the 
average magnitude of the couple due to kinetic friction in the bearings 
of the motor. 
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PROBLEM 17.54 

A bolt located 50 mm from the center of an automobile wheel is 
tightened by applying the couple shown for 0.10 s. Assuming that the 
wheel is free to rotate and is initially at rest, determine the resulting 
angular velocity of the wheel. The wheel has a mass of 19 kg and has a 
radius of gyration of 250 mm. 
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PROBLEM 17.55 

Two disks of the same thickness and same material are attached to a 
shaft as shown. The 8-lb disk A has a radius r A — 3 in., and disk B has a 
radius r B = 4.5 in. Knowing that a couple M of magnitude 20 lb ■ in. is 
applied to disk A when the system is at rest, determine the time required 
for the angular velocity of the system to reach 960 rpm. 
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PROBLEM 17.56 

Two disks of the same thickness and same material are attached to a 
shaft as shown. The 3-kg disk A has a radius r A = 100 mm, and disk B 
has a radius r B =125 mm. Knowing that the angular velocity of the 
system is to be increased from 200 rpm to 800 rpm during a 3-s 
interval, determine the magnitude of the couple M that must be applied 
to disk A. 
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PROBLEM 17.57 



A disk of constant thickness, initially at rest, is placed in contact with a belt 
that moves with a constant velocity v. Denoting by /u k the coefficient of 
kinetic friction between the disk and the belt, derive an expression for the 
time required for the disk to reach a constant angular velocity. 
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PROBLEM 17.58 



Disk A, of weight 5 lb and radius r — 3 in., is at rest when it is placed in 
contact with a belt which moves at a constant speed v = 50 ft/s. Knowing 
that jU k = 0.20 between the disk and the belt, determine the time required 
for the disk to reach a constant angular velocity. 
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PROBLEM 17.59 

A cylinder of radius r and weight W with an initial counterclockwise 
angular velocity rq, is placed in the corner formed by the floor and a 
vertical wall. Denoting by ju k the coefficient of kinetic friction between the 
cylinder and the wall and the floor derive an expression for the time 
required for the cylinder to come to rest. 
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A 


B 


PROBLEM 17.61 
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PROBLEM 17.61 (Continued) 

Disk A and cylinder C. C + Moments about A: 

Qtr A - m c gtr A = m A vr A + I A co A 
Disk B and cylinder D. C+ Moments about B: 

-Qtr B - m D gtr B = m D r B v + I B (0 B 

To eliminate Qt divide Equation (1) by r A and Equation (2) by r B , and then add the resulting equations. 


(■ m D -m c )gt = 


I A r B 

m A +— +m B + — 




Data: 


V 'A 'B J 

v = 0.5 m/s t=l 

2 


(m D - m c )g = (2 kg)(9.81 m/s“) = 19.62 N 

I A 1 B 01 0.2 kg m 2 

m c + -f + m D +-^- = 8kg +---^ + 10kg + - 

^ 2 u 2 / 1\ onn ~,\2 G /a i cn 

i t 


0.0675 kg • m“ 


Equation (3) becomes 


B (0.200 m) 

(19.62 N)t = (26 kg)(0.5 m) 
t = 0.66259 s 


(0.150 m) 


■ 26 kg 


(1) 

(2) 

(3) 


r = 0.663 s ◄ 
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PROBLEM 17.62 

Disk B has an initial angular velocity a > 0 when it is brought into contact with 
disk A which is at rest. Show that the final angular velocity of disk B depends 
only on a > 0 and the ratio of the masses m A and m B of the two disks. 
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PROBLEM 17.63 

The 7.5-lb disk A has a radius r A — 6 in. and is initially at rest. The 
10-lb disk B has a radius r B - 8 in. and an angular velocity O) 0 of 
900 rpm when it is brought into contact with disk A. Neglecting 
friction in the bearings, determine (a) the final angular velocity of 
each disk, ( b ) the total impulse of the friction force exerted on disk A. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1801 





PROBLEM 17.63 (Continued) 


Disk B: J Moments about B: 


t b ( '\) r n Ft - Ie/ j) b 

1 (l \ 1 2 

2 m B r B°b - r B I ~ m A r B®B I = ~ mr B°h 


m, - -LL - 0.23292 lb• s 2 /ft 
32 2 

m B W B 10 


r B — — ft 

b 12 


COq = 900 rpm = 30;r rad/s 
co Q 

co R =--— 

B 1 + 0.75 

_3(br 

“ 1.75 

= 53.856 rad/s 
r R 

CO , - —(On 


= I — J (53.856) 
= 71.808 rad/s 


1 (0.23292) (£) (30*) 
~2 1 + 0.75 


co^ = 686 rpm A 
(0 B =514 rpm ^ A 

Ft = 4.18 lb s | ◄ 
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PROBLEM 17.64 

A tape moves over the two drums shown. Drum A weighs 1.4 lb and 
has a radius of gyration of 0.75 in., while drum B weighs 3.5 lb and 
has a radius of gyration of 1.25 in. In the lower portion of the tape 
the tension is constant and equal to T A = 0.75 lb. Knowing that the 
tape is initially at rest, determine (a) the required constant tension 
T b if the velocity of the tape is to be v = 10 ft/s after 0.24 s, (b) the 
corresponding tension in the portion of tape between the drums. 
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PROBLEM 17.65 

Show that the system of momenta for a rigid slab in plane motion reduces to a single vector, and express the 
distance from the mass center G to the line of action of this vector in terms of the centroidal radius of gyration 
k of the slab, the magnitude v of the velocity of G, and the angular velocity (0. 
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mrco 

PROBLEM 17.66 


Show that, when a rigid slab rotates about a fixed axis through 0 perpendicular 

>p 

to the slab, the system of the momenta of its particles is equivalent to a single 

/ A/ 

vector of magnitude niTco, perpendicular to the line OG, and applied to a 

/X 

Point P on this line, called the center of percussion, at a distance GP = k 2 17 

o 

from the mass center of the slab. 
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PROBLEM 17.67 

Show that the sum H 4 of the moments about a Point A of the momenta of the particles of a rigid slab in plane 
motion is equal to I A co, where co is the angular velocity of the slab at the instant considered and I A the 
moment of inertia of the slab about A, if and only if one of the following conditions is satisfied: ( a ) A is 
the mass center of the slab, ( b ) A is the instantaneous center of rotation, (c) the velocity of A is directed along 
a line joining Point A and the mass center G. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1807 





PROBLEM 17.68 


\ 

b 

c \ 

c N 


v 


\ / 
£ 


Consider a rigid slab initially at rest and subjected to an impulsive force F 
contained in the plane of the slab. We define the center of percussion P as the 
point of intersection of the line of action of F with the perpendicular drawn from G. 
(a) Show that the instantaneous center of rotation C of the slab is located on line GP 
at a distance GC = k 2 /GP on the opposite side of G. ( b) Show that if the center 
of percussion were located at C the instantaneous center of rotation would be 
located at P. 
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PROBLEM 17.69 

A flywheel is rigidly attached to a 1.5-in.-radius shaft that rolls without sliding 
along parallel rails. Knowing that after being released from rest the system 
attains a speed of 6 in./s in 30 s, determine the centroidal radius of gyration of 
the system. 


SOLUTION 


Kinematics. Rolling motion. Instantaneous center at C. 


Moment of inertia. 
Kinetics. 


V = V r — rCO 


1 — mk " 





Syst. Momentaj 

) Moments about C: 



0 + (mgt)r sin /? = mvr +1 co 
mgtr sin fi = m 


f k^ 


r + - 


J 


Solving for k , 
Data: 


F = r 2 


gt sin [5 1 

V i 7 

r = 1.5 in. = 0.125 ft 
g = 32.2 ft/s 
t- 30 s 

v = 6 in./s = 0.5 ft/s 




k 2 =(0.125) 2 


(32.2X30) sin 15 c 
0.5 


-1 


= 7.7974 ft 2 


k = 2.79 ft ◄ 
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PROBLEM 17.70 

A wheel of radius r and centroidal radius of gyration k is released from rest on 
the incline shown at time t - 0. Assuming that the wheel rolls without sliding, 
determine (a) the velocity of its center at time t, (b) the coefficient of static 
friction required to prevent slipping. 
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PROBLEM 17.71 (Continued) 


(a) 

v = (0.150)(17.0077) = 2.55115 m/s 

v = 2.55 m/s | 4 


+1 Linear components: 0 + Pt — mgt + Qt — mV 



„ mV 

Q = -+ mg - P 

t 



= (3X2.55115) 

1.5 


(b) 

Tension in cord C. 

<2 = 10.53 N ◄ 
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PROBLEM 17.72 

A 9-in.-radius cylinder of weight 18 lb rests on a 6-lb carriage. The 
system is at rest when a force P of magnitude 2.5 lb is applied as shown 

_ —— \ for 1.2 s. Knowing that the cylinder rolls without sliding on the carriage 

V - _ W _ and neglecting the mass of the wheels of the carriage, determine the 

resulting velocity of (a) the carriage, (b) the center of the cylinder. 


SOLUTION 

Moment of inertia. 


j 1 2 

I = —m,r 
2 A 

_ 1 

~ 2 


= 0.15722 slug-ft 2 


r 1 8 lb ^ 


{ 32.2 J 

l 12 J 


Cylinder alone: 





•V* 


Syst. Momentaj 

+ Syst. Ext. Imp. 1->2 


Syst. 

) Moments about C: 

0 + 0 = Ico—m A v A r 



or 

0 = 0.15722<y- 

IS " 

If-l 


l 

32.2 , 

>{12J 


Cylinder and carriage: 





Syst. Momenta 2 


Horizontal components: 


0 + Pt- m A v A + m B v B 


or 


0 + (2.5)(1.2) = 


18 

32.2 


32.2 


(1) 


(2) 
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PROBLEM 17.72 (Continued) 


Kinematics. v A = v B - rco 


(9\ 

(3) 

Va ~ Vb \V2.) 

Solving Equations (1), (2) and (3) simultaneously gives 

CO = 7.16 rad/s ) 

(a) Velocity of the carriage. 

\ B = 8.05 ft/s —- A 

( b ) Velocity of the center of the cylinder. 

\ A = 2.68 ft/s —► A 
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PROBLEM 17.73 

A 9-in.-radius cylinder of weight 18 lb rests on a 6-lb carriage. The 
system is at rest when a force P of magnitude 2.5 lb is applied as shown 
for 1.2 s. Knowing that the cylinder rolls without sliding on the carriage 
and neglecting the mass of the wheels of the carriage, determine the 
resulting velocity of (a) the carriage, (b) the center of the cylinder. 


SOLUTION 

Moment of inertia. 


t 1 2 

l =—m,r 


1 f 18 lb 


21 32.2 


9 in. 
~V2 


= 0.15722 slug-ft 2 


Cylinder alone: 



Syst. Momenta, 

) Moments about C: 



( —Lw 

c 

Syst. Momenta 2 


0 + Ptr -1 co+ m A v A r 


or 


0 + (2.5)(1.2) 


' 9 ' 

i r is ^ 

( 9 \ 


= 0.15722m+ 



1 {32.2 J 

{]~2J 


Cylinder and carriage: 



Syst. Momenta, 

+ > Horizontal components: 
or 




Syst. Momenta 2 


0 + Pt = m A v A + m B v B 


0 + (2.5)(1.2) = | 6 


32.2 


32.2 


(1) 


(2) 
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PROBLEM 17.73 (Continued) 


Kinematics. v A = v B + rco 


fen 

(3) 

V A - V B + [j2 J 03 

Solving Equations (1), (2) and (3) simultaneously gives 

© = 2.39 rad/s ) 

( a ) Velocity of the carriage. 

\ B = 2.68 ft/s—- A 

( b ) Velocity of the center of the cylinder. 

v A = 4.47 ft/s — ◄ 
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1 

mm PROBLEM 17.75 

r 

( ^ J 


Two uniform cylinders, each of mass m = 6 kg and radius r— 125 mm, 
are connected by a belt as shown. Knowing that at the instant shown the 


( ^ 

angular velocity of cylinder A is 30 rad/s counterclockwise, determine 
(a) the time required for the angular velocity of cylinder A to be reduced 



to 5 rad/s, ( b ) the tension in the portion of belt connecting the two 
cylinders. 
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PROBLEM 17.76 

8 in. e /&) 

c> 2 in ^ 

\ T 
■ X."'' ■ 

A 

C O . ro 

In the gear arrangement shown, gears A and C are attached to rod ABC, 
which is free to rotate about B, while the inner gear B is fixed. Knowing 
that the system is at rest, determine the magnitude of the couple M which 
must be applied to rod ABC, if 2.5 s later the angular velocity of the rod is 
to be 240 rpm clockwise. Gears A and C weigh 2.5 lb each and may be 
considered as disks of radius 2 in.; rod ABC weighs 4 lb. 
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PROBLEM 17.77 

A sphere of radius r and mass m is projected along a rough horizontal surface 
with the initial velocities shown. If the final velocity of the sphere is to be zero, 
express (a) the required magnitude of co 0 in terms of vo and r, (b) the time 
required for the sphere to come to rest in terms of Vo and coefficient of kinetic 
friction )J k . 
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PROBLEM 17.78 

A bowler projects an 8.5-in.-diameter ball weighing 16 lb along an alley with a forward 
velocity Vo of 25 ft/s and a backspin co o of 9 rad/s. Knowing that the coefficient of 
kinetic friction between the ball and the alley is 0.10, determine (a) the time t\ at which 
the ball will start rolling without sliding, ( b ) the speed of the ball at time t\. 
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PROBLEM 17.78 (Continued) 


(a) 

Time t when slipping stops. 



(25 - 3.220 = (0.35417 ft)(22.731r - 9) 

(25 + 3.1875) = (3.22 + 8.0506)? 



r = 2.501s 

t = 2.50 s ◄ 

(b) 

Corresponding velocity. 



v 2 — 25 — 3.22 1 

v 2 = 16.95 ft/s ◄ 
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PROBLEM 17.79 

Four rectangular panels, each of length b and height \b, are 
attached with hinges to a circular plate of diameter -Jib and held by 
a wire loop in the position shown. The plate and the panels are made 
of the same material and have the same thickness. The entire assembly 
is rotating with an angular velocity co Q when the wire breaks. 
Determine the angular velocity of the assembly after the panels have 
come to rest in a horizontal position. 


SOLUTION 


Kinematics: When the panels are in the up position, the speed of the mass center of each panel is 


v 


0 



W hen the panels are in the down position the speed of the mass center of each panel is 


Vj = 



-b -H 

I- 
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PROBLEM 17.80 

A 2.5-lb disk of radius 4 in. is attached to the yoke BCD by means 
of short shafts fitted in bearings at B and D. The 1.5-lb yoke has a 
radius of gyration of 3 in. about the x axis. Initially the assembly is 
rotating at 120 rpm with the disk in the plane of the yoke {0- 0). 
If the disk is slightly disturbed and rotates with respect to the yoke 
until 0 = 90°, where it is stopped by a small bar at D, determine 
the final angular velocity of the assembly. 


SOLUTION 


Moment of inertia of yoke: 

h ~ mk c ~ ^ 

15 ) 
32.2 J 

( A 2 

— = 2.9115xlO~ 3 lb-s 2 -ft 

U2j 

Moment of inertia of disk: 

6- 0: I A ——mr~ 

A 4 




1 

f 2.5 


^2 



^32.2 

Jll2, 



= 2.15666xl0“ 3 lb-s 2 ft 


6 = 90°: I, =—mr 2 



' 2.5' 

If 4 1 ' 

2! 

, 32 . 2 , 

JU2J 


= 4.3133x10^ lb s 2 ft 


Total moment of inertia about the x axis: 

tf = 0: (I x \=I c +I A 


= 5.0682 xl0~ 3 lb s 2 ft 


0 - 90°: (I X ) 2 = I C + I A 

= 7.2248xl0 -3 lb-s 2 -ft 

Angular momentum about the x axis: 

0 = 0 : #!=(/,)! <4 

= 5.0682 xl0‘ 3 <yi 
0 = 90°: H 2 = (I : ) 2 co 2 

= 7.2248 xl0“ 3 <y 2 

Conservation of angular momentum. 

H t = H 2 : 5.0682 xl0~ 3 = 7.2248 xl0~ 3 <y, 

a> 2 = 0.7015<y] = (0.7015)(120 rpm) co 2 = 84.2 rpm -4 
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Belt 


PROBLEM 17.81 

Two 10-lb disks and a small motor are mounted on a 15-lb rectangular 
platform which is free to rotate about a central vertical spindle. The 
normal operating speed of the motor is 180 rpm. If the motor is started 
when the system is at rest, determine the angular velocity of all elements 
of the system after the motor has attained its normal operating speed. 
Neglect the mass of the motor and of the belt. 


SOLUTION 

Kinematics. 


Motor speed: co M =180 rpm = 6/r rad/s 


Let co A ,co B , and co P be the angular velocities, respectfully, of disk A, disk B and the platform. Since the motor 
speed is the angular velocity of disk B relative to the platform, 


Since, the disks have the same outer radius, 
Velocity of the center of disk A v A = 

Velocity of the center of disk B v B - 

Moments of inertia. 


Disks A and B: / A = / B =- r = — 


2 g 


Platform: 


J _ 1 W,„ 2 , 

1 P 


12 g 


+ (&M 

= COp 

CO B 

— CO a 

-COp 


-COp 


f 10 


[ 32 . 2 , 

v 12 J 

_ 2 _r_ 

15 V 

12 y32.2 J 


= 9.705 xl0“ 3 lb-s 2 -ft 


151 + 

12 


6_ 

v.12 


= 78.718xl0“ 3 lb-s 2 -ft 


Principle of impulse and momen tum for system . 


0 


Syst. Momenta 




( 1 ) 

(2) 

( 3 ) 

( 4 ) 
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PROBLEM 17.82 

A 3-kg rod of length 800 mm can slide freely in the 240-mm 
cylinder DE, which in turn can rotate freely in a horizontal plane. In 
the position shown the assembly is rotating with an angular velocity 
of magnitude co — 40 rad/s and end B of the rod is moving toward 
the cylinder at a speed of 75 mm/s relative to the cylinder. Knowing 
that the centroidal mass moment of inertia of the cylinder about a 
vertical axis is 0.025 kg • m 2 and neglecting the effect of friction, 
determine the angular velocity of the assembly as end B of the rod 
strikes end E of the cylinder. 


SOLUTION 


Kinematics and geometry. 

j, 


A £ 


& 


.it v** v©**** 

'AM 


t. 


a 


v 1 = (0.04 m )a\ = (0.4 m)(40 rad/s) 
v 1 = 1.6 m/s 

Initial position 

Conservation of angular momentum about C. 

'*•»£ - 




V* 


t .- i 1 

Uf 

i i 

9- 


v 2 = (0.28 m)® 2 


* 

a 


Final position 



+ ') Moments about C: I AB = — (3 kg)(0.8 m) 2 = 0.16 kg-m’ 

1 AB a\ + mv, ( 0.04 m) + I DE (t\ = l AB co 2 + mv 2 (0.028 m) + I DE co 2 

(0.16 kg-m 2 )(40 rad/s) + (3 kg)(l .6 m/s)(0.04 m)+ (0.025 kg - m 2 )(40 rad/s) 

= (0.16 kg • m 2 )co 2 + (3 kg)(0.28<y 2 )(0.28) + (0.025 kg • m 2 )co 2 
(6.4 + 0.192 +1.00) = (0.16 + 0.2352 + 0.025 )co 2 

7.592 = 0.4202®,; ®, = 18.068 rad/s 

Angular velocity. ® 2 = 18.07 rad/s A 
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PROBLEM 17.83 

A 1.6-kg tube AB can slide freely on rod DE, which in turn can rotate freely 
in a horizontal plane. Initially the assembly is rotating with an angular 
velocity a>-5 rad/s and the tube is held in position by a cord. The moment 
of inertia of the rod and bracket about the vertical axis of rotation is 
0.30 kg m 2 and the centroidal moment of inertia of the tube about a vertical 
axis is 0.0025 kg • m 2 . If the cord suddenly breaks, determine (a) the angular 
velocity of the assembly after the tube has moved to end E, (b) the energy 
lost during the plastic impact at E. 


SOLUTION 


Let Point C be the intersection of axle C and rod DE. Let Point G be the mass center of tube AB. 
Masses and moments of inertia about vertical axes. 

m AB = 1.6 kg 
J AB = 0.0025 kg • m 2 
T D ce = 0-30 kg • nr 

State 1. (r G/A )i =-(125) 

= 62.5 mm 
a\ = 5 rad/s 


State 2. 


Kinematics. 


(r GM ) 2 =500-62.5 
= 437.5 mm 


C0 = (0 1 


( v g)<? ~ v e~ r Gic (a 







— C 

JkP 1 


EJ 


G- 

A 


1—>2 


Syst. Moment^ 
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PROBLEM 17.83 (Continued) 


Moments about C: 


I AB^*\ + lDCE°\ + m AB ( V d\ ( r G/C )l + 0 _ ^ AB®! + ^' DCE°h + m AB ( V <9 )2 ( r G/C )2 
[^AB + IDCE + ,n AB ( r G/G )l ] ^ ~ [^AB + ^DCE + m AB ( r G/C )2 ] ^2 

[0.0025 + 0.30 + (1.6)(0.0625) 2 ](5) = [0.0025 + 0.30 + (1.6)(0.4375) 2 \co 2 
(0.30875X5) = 0.60875<y, 

<y 2 = 2.5359 rad/s 

(a) Angular velocity after the plastic impact. 2.54 rad/s 


Kinetic energy. 


^ ~ 2 I abC0 + 2 ^ dceC0 + 2 


7] =i(0.0025)(5) 2 +^(0.30)(5) 2 +^(1.6)(0.0625) 2 (5) 2 
= 3.859375 J 

r 2 = —(0.0025)(2.5359) 2 + —(0.30)(2.5359) 2 +—(1.6)(0.4375) 2 (2.5359) 2 
= 1.9573 J 


( b ) Energy lost. 


f -T 2 = 1.902 J ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1836 




16 ft 


y 



PROBLEM 17.84 

In the helicopter shown, a vertical tail propeller is used to prevent 
rotation of the cab as the speed of the main blades is changed. 
Assuming that the tail propeller is not operating, determine the 
final angular velocity of the cab after the speed of the main blades 
has been changed from 180 to 240 rpm. (The speed of the main 
blades is measured relative to the cab, and the cab has a centroidal 
moment of inertia of 650 lb • ft • s 2 . Each of the four main blades is 
assumed to be a slender 14-ft rod weighting 55 lb.) 


SOLUTION 


Let Q be the angular velocity of the cab and co be the angular velocity of the blades relative to the cab. The 
absolute angular velocity of the blades is Q. + co. 

a\ —180 rpm = 6/r rad/s 
a> 2 = 240 rpm = 8/r rad/s 

Moments of inertia. 


Cab: 


Blades: 


I c = 650 lb ft • s 2 
1 R — 4 [—mis 

U J 



= 446.38 lb ft-s 2 


Assume Oj = 0. 

Conservation of angular momentum about shaft. 

1 + + = 1 g {co *2 + ^ 29 ) + /^^-) 

o I B (e>2-aK) 

+ I B 

(446.38)(8^-6^) 

446.38 + 650 

= -2.5581 rad/s 0 2 = -24.4 rpm 4 
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16 ft 


y 



PROBLEM 17.85 

Assuming that the tail propeller in Problem 17.84 is operating and 
that the angular velocity of the cab remains zero, determine the final 
horizontal velocity of the cab when the speed of the main blades is 
changed from 180 to 240 rpm. The cab weighs 1250 lb and is 
initially at rest. Also determine the force exerted by the tail propeller 
if the change in speed takes place uniformly in 12 s. 


SOLUTION 


Let £1 be the angular velocity of the cab and 0 ) be the angular velocity of the blades relative to the cab. The 
absolute angular velocity of the blades is £2 + co. 

0 \ —180 rpm = 6k rad/s 
a> 2 = 240 rpm = 8k rad/s 

Moments of inertia. 


Cab: 

Blades: 

The cab does not rotate. 


I c = 650 lb-ft-s 2 


h= 4 


-ml} I = (4) 


55 

32.2 


(14) 2 


= 446.38 lb - ft - s 

= £ 2 , =0 

Syst. Momenta! + Syst. Ext. Imp . 1->2 = Syst. Momenta 2 


Moments about shaft: 


Linear components: 


(a) Assume v x = 0. 

( b ) Force. 


I g (C 0 [ + £2|) + I ^£1^ + Frt — I g (cO'y + n 2 ) + 

Frt = I B (Oh - a\) 

= (446.38)(8^--6^) 
= 2804.7 lb ft - s 
Frt 2804.7 


Ft = 


16 


= 175.29 lb s 


mv\ + Ft — mv 2 
Ft 

v 2 ~ v’i = — = 


175.29 


- « + ( 4 )(*) 

= 3.8398 ft/s 


Ft _ 175.29 

t ~ 12 


v 2 = 3.84 ft/s ◄ 
F - 14.61 lb ◄ 
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SOLUTION 

Moments of inertia. 


I A = m A k 2 

= (5kg)(0.175 m) 2 
= 0.153125 kg m 2 

y _ 1 2 

= i(3kg)(0.08m) 2 



= 9.6xl0“ 3 kg • m 2 

State 1 Disk B is at rest. 

State 2 Disk B moves with platform A. 

Kinematics. In State 2 , V B = (0.12 m )co 2 

Principle of conservation of angular momentum. 

+ ) Moments about D: I A o\ - I A a>-, + I B co 2 + m B v B (0.12 m) 



(0.153125 kg m 2 )^ =(0.153125 kg-m 2 )ry, Syst. Momenta 2 

+ (9.6xl0^ 3 kg • m 2 )co 2 + (3 kg)(0.12 m fax. 


0.153125<y, =0.20593^ 

= 0.7436<y, 

= 0.7436(50 rpm) 


Final angular velocity 


co 2 = 37.2 rpm A 
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PROBLEM 17.87 

Two 4-kg disks and a small motor are mounted on a 6-kg 
rectangular platform which is free to rotate about a central vertical 
spindle. The normal operating speed of the motor is 240 rpm. If 
the motor is started when the system is at rest, determine the 
angular velocity of all elements of the system after the motor has 
attained its normal operating speed. Neglect the mass of the motor 
and of the belt. 


SOLUTION 

Moments of inertia. 

Disks: 

Platform: 
Kinematics : 


I A — I B = ~^mr 2 — ~(4 kg)(0.075 m) 2 = 0.01125 kg-m 

J p = +b 2 ) = ^(6kg)[(0.15m) 2 + (0.4 m) 2 ] = 0.09125 kg-m 2 


= 8;r rad/s 


f 240 rev") 

"lining 

' In rad ) 

v min ) 

[ 60s J 

V rev J 


Let co A , (0 B and co P be the angular velocities of A, B, and the platform. The motor speed is the angular 
velocity of B relative to the platform. 

CO B — (Op + CO M — (Op + 8 71 
(0\ — (On 


Velocity of center of disk A. 

Velocity of center of disk B. 

Principle of impulse and momentum for system . 


v a = (OpfAto = 0.1 a A 


\’b - (O p r B io - 0.1 (0 A 


0 + 


Syst. Moment^ + 
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PROBLEM 17.88 

The 4-kg rod AB can slide freely inside the 6-kg tube CD. The rod was 
entirely within the tube (x — 0) and released with no initial velocity 
relative to the tube when the angular velocity of the assembly was 5 rad/s. 
Neglecting the effect of friction, determine the speed of the rod relative to 
the tube when x = 400 mm. 


SOLUTION 

Let / be the length of the tube and the rod and Point O be the point of intersection of the tube and the axle. 

i- 


Moments of inertia. 
Kinematics. 


I T = — m T l~ 

T 12 T 


In — rn.nl 

8 12 * 


/ 


(v 0 ) T — r T co — co 


(v 9 )r = r R CO = 


l 

—v x 

V 2 j 


CO, 


(v,.) T = v r 


Angular momentum about Point O. 

Hq — m T r T {vg) + IjG)+ oi R r R {yff) R + l R CO 


(l i 

1 , 2 l 1 

f 1 1 

-co\ 

H - m T ! CO + m n —b x 

12 T r K2 ) 

-+ x 

\2 ) 

V2 ) 


1 

—) 

12 


m T l 2 + m R [ — / 2 + lx + x 2 


co 


Kinetic energy. 


T - 2 m r( v e^T + ^ + ^ mR ^ Vd ^ R+ n m R v >- + 2 ^ rC0 


l 


1 


m T —co + —m T l 2 co 2 + —m„ — + x of + —m p vf+ —mJ z ar 

1 r\ 1 r\ 1 IX r-N IX I 1 ^ fX 


1 


j mjl 2 + m R 


12 

— 1 2 + lx + x 2 
\3 


1 


;2 ,,2 


12 


0)2 + ~m R v 2 = ^H 0 co + —m R v 2 


Potential energy. 


All motion is horizontal. V — 0 
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PROBLEM 17.89 

A 1.8-kg collar A and a 0.7-kg collar B can slide without 
friction on a frame, consisting of the horizontal rod OE and the 
vertical rod CD, which is free to rotate about its vertical axis of 
symmetry. The two collars are connected by a cord running 
over a pulley that is attached to the frame at O. At the instant 
shown, the velocity v A of collar A has a magnitude of 2.1 m/s 
and a stop prevents collar B from moving. The stop is suddenly 
removed and collar A moves toward E. As it reaches a distance 
of 0.12 m from O, the magnitude of its velocity is observed to 
be 2.5 m/s. Determine at that instant the magnitude of the 
angular velocity of the frame and the moment of inertia of the 
frame and pulley system about CD. 


SOLUTION 



Components of velocity of collar A. v A = (v A ) 2 + (v A )o 

(1) 

Constraint of rod OE. 

(v A ) e = r A CO 

(2) 

Constraint of cable AB. 

II 

V. 

2 

<■ 

ii 

< 

(3) 

Position 1. 

(Ar A ) = 0.1 m, [(v A ),.] 1 = 0, (v A ), = 2.1 m/s 


From Equation (1), 

(2.1) 2 =0 + [(v A )^ 2 [(v A U = 2.1m/s 


From Equation (2), 

(2.1) = O.kq 0\ = 21 rad/s 


From Equation (3), 

o 

ii 


Potential energy. Take position 1 as datum. V l = 0 

(4) 

Angular momentum. 

(Hq), = la\ + m A [(v A ) r \(r A \: 



(H 0 ) i - 7(21) + (1.8)(2.1)(0.1) (. H 0 \ = 21/ + 0.378 

(5) 

Kinetic energy. 

T \ = + ~ m A v A + -m B v\: 



T, = i/( 21) 2 + 2 (1 -8)(2.1) 2 7j = 220.5/ + 3.969 

(6) 

Position 2. 

(r A ) 2 = 0.12 m, (v A ) 2 = 2.5 m/s co - (0 2 


From Equation (2), 

[( v a)6>] 2 = 0.12<y 2 


From Equation (1), 

t(v A )r]2 = (V A )2 - \fy A ) e f 2 = (2.5) 2 - (O.l^ 2 ^ 2 



= 6.25 - 0.0144<yf 
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PROBLEM 17.89 (Continued) 


From Equation (3), 
Change in radial position. 
From Equation (3), 
Potential energy. 

Angular momentum. 


v\ = 6.25 - 0.0144 col 
Ar A = (r A ) 2 ~ ( r A \ = O-O 2 m 
A y B = 0.02 m 

V 2 = m B g(Ay B ) = (0.7)(9.81)(0.02) 
V 2 = 0.13734 J 

(.Hq)2 - ^2 + m A^( v A'>eh( r A)2 : 


(H 0 ) 2 = l0h + (1.8X0.12^X0.12) (H q ) 2 = (/ + 0.02592)<y, 


Kinetic energy. 


^2 - 0 1(0 2 + 2 m A V A + 2 m B V B : 


T 2 = + ^(1.8)(2.5) 2 + i(0.7)(6.25 - 0.0144^) 

T 2 = (0.5 1 - 0.00504)<y? + 7.8125 


Conservation of angular momentum. ( H () )i = (H 0 ) 2 : 

21/ + 0.378 = (/ + 0.02592)62, 

_ . . . 21/+ 0.378 N 

Solving for Oh, Oh - -= — 

2 2 / + 0.02592 D 


Conservation of energy. T\ + V t = T, + V,: 

220.5/ + 3.969 = (0.5/ - 0.00504)<y, 2 + 7.8125 + 0.13734 

N 2 

220.5/ - (0.5/ - 0.00504 )— T - 3.98084 = 0 

D~ 

220.5 ID 2 - 0.5 IN 2 + 0.00504 N 2 - 3.98084Z) 2 = 0 
220.5/(/ 2 + 0.05184/ + 0.0006718464) - 0.5/(441/ 2 + 15.876/ + 0.142884) 

+ 0.00504(441/ 2 + 15.876/ + 0.142884) - (3.98084)(/ 2 + 0.05184/ + 0.0006718464) = 0 
0/ 3 + 1.73452/ 2 - 0.04965167/ - 0.001954378 = 0 


(7) 

( 8 ) 


(9) 


( 10 ) 
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PROBLEM 17.89 (Continued) 


Solving the quadratic equation for I, 


T 0.04965167 ± 0.126590 AACAOA/1 
/ = = 0.050804 and 

3.46904 

-0.022179 

Reject the negative root. 


c c (21)(0.050804) + 0.378 

From Equation (10), Ob = --- 

0.050804 + 0.02592 

co = 18.83 rad/s A 


I = 0.0508 kg m 2 < 
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PROBLEM 17.90 

A 6-lb collar C is attached to a spring and can slide on rod AB, which 
in turn can rotate in a horizontal plane. The mass moment of inertia of 
rod AB with respect to end A is 0.35 lb • ft • s 2 . The spring has a 
constant k —15 lb/in. and an undeformed length of 10 in. At the 
instant shown the velocity of the collar relative to the rod is zero, and 
the assembly is rotating with an angular velocity of 12 rad/s. 
Neglecting the effect of friction, determine (a) the angular velocity of 
the assembly as the collar passes through a point located 7.5 in. from 
end A of the rod, ( b ) the corresponding velocity of the collar relative to 
the rod. 
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PROBLEM 17.90 (Continued) 


Data: 


/= = 0.35 lb-ft-s 2 , m r = — 
c 32.2 

7.5 

r, = 2 ft, r, =-ft, 01 =12 rad/s 

1 2 12 ^ 


f) 1 |3 r. 


, 6 lb 

f 7.5 f 

0.35 lb - ft • s 2 + (2 ft) 2 

(12 rad/s) = 

0.35 lb • ft - s 2 + 


32.2 ' J 


32.2 1 

v 12 J 


< 5 + 


13.1441 = 0.42279®,; = 31.089 rad/s 


(a) Angular velocity . 
Kinetic energy . 


a> 2 - 31.1 rad/s 4 


T \ = y I A a f +^ m c( v D )i +2 m c( v r)i 2 

^ - „2x/n„„j/„x2 1 T 6 lb 


= —(0.35 lb • ft • s )(12 rad/s) + 

2 2132.2 

J 1= 78.865 ft lb 

T 2 — ~^R^2 + T ,W ( V b)2 2 "^^2(^r>2 


(2 ft) 2 (12 rad/s) 2 +0 


2 2 R 2 2 


= j (0.35 lb • ft • s 2 )(31.089 rad/s) 2 


+ - 


( 61b l 

(7.5^ 

1 2 1 { 

'61b 

—ft 

(31.089 rad/s) 2 +- 

1,32.2 J 

v 12 ; 

1 21 

v 32.2 J 


(V r )2 


T 2 =204.32 + 0.09317(v r )\ 

Principle of conservation of energy: T x + V t -T 2 + V 2 

Recall: V 1 = 160 ft • lb and V 2 = 3.91 ft • lb 

78.865 + 160 = 204.32 + 0.09317(v,.) 2 + 3.91 
30.638 = 0.09317(v,.) 2 

( b ) Velocity of collar relative to rod. 


(v r ) 2 =18.13 ft/s ◄ 
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PROBLEM 17.91 

A small 4-lb collar C can slide freely on a thin ring of weight 6 lb and radius 
10 in. The ring is welded to a short vertical shaft, which can rotate freely in a 
fixed bearing. Initially the ring has an angular velocity of 35 rad/s and the 
collar is at the top of the ring (6 = 0) when it is given a slight nudge. 
Neglecting the effect of friction, determine (a) the angular velocity of the ring 
as the collar passes through the position 9 - 90°, (b) the corresponding velocity 
of the collar relative to the ring. 
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PROBLEM 17.91 (Continued) 


Potential energy. Datum is the center of the ring. 

Vi = m c gR V 2 = 0 


Kinetic energy: 


T. =-I R ar =-[-m R R 2 

1 2 2\2 j 

= — m R R 2 co 2 
4 s 1 


co , 


T 2 - 2 1r 


oZ+^ m c(v 2 x +v 2 y ) 


= —m R R 2 og + — m c R 2 a% + -^-7?7 c v 2 


Principle of conservation of energy: 

T\+V x =T 2 + Vi 


1 22 

—m R Ro\ +m c gR 


1 


1 


— m B H—77?^ 


1 




Data: 


(a) Angular velocity . 
From Eq. (1), 


W c =4 lb 
W R = 6 lb 

R = io in. = 0.83333 ft 
0\ = 35 rad/s 


6 lb 



(35 rad/s) 


(2) 


0) 2 = 15.00 rad/s A 


( b ) Velocity of collar relative to ring . 


From Eq. (2), 


If 61b 


41 32.2 


(i o V 

—ft (35 rad/s) 2 + (4 lb) 
\12 ) 

2 


112 


[if 

' 6 lb 


' 4 lb y 


+' 

v 32.2 y 

J 2l 

, 32 . 2 ! 

1.12 J 


ft | (15 rad/s) 2 +-[ — 
1 21 32.2 


39.629 + 3.3333 = 16.984 + 0.062112v 2 


v; =418.25 


1 = 20.5 ft/s ◄ 
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PROBLEM 17.92 (Continued) 


Kinetic and potential energies. 


T x = 0 

V l = m AB gb = (7 kg)(9.81)(0.6 m)(l- cos 30°) 
= 5.520 N-m 


V 2 =0 

T 2 = ~ m C V l +2 m AB V AB + -^AB ( ° 2 

= -(1 l)(-0.23333m) 2 + -(7)(0.36667m) 2 + - 
2 2 2 

= (0.29944 + 0.47056 + 0.4200)m 2 


-^-(7)(1.2) z |m 2 
V.12 


= 1.190m 2 


Conservation of energy: 


( b ) Velocity of C: Eq. (3) 

(a) Velocity of B: 


T l+Vl =T 2+ V 2 

0 + 5.52 = 1.190m 2 

or — 4.6387 m = 2.1538 rad/s 

v c = -0.23333(2.1538) v c = 0.503 m/s — 

\ B = v c + [(1.2)m—- ] = [0.50254 m/s -—] + [1.2(2.1538) — ] 

\ B = [0.50254 — ] + [2.5845 — ] \ B = 2.08 m/s — 


◄ 

◄ 
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PROBLEM 17.93 

In Problem 17.82, determine the velocity of rod AB relative to cylinder DE as end B of the rod strikes end E of 
the cylinder. 


SOLUTION 

Kinematics and geometry. 


h c 




L 


O 


4 ^ 


V, 


k=d 


Jfl « ( 


yat in'* 

7vT 


1 

-ac=n— 


1_ 

<9 

ttfl .o 

IV 

r 


v x = (0.04 m)<^ = (0.4 m)(40 rad/s) 
v x =1.6 m/s 

Initial position 

Conservation of angular momentum about C. 


v 2 = (0.28 m)<y. 

Final position 


2 

J 


5 5 6 v. „^L Je 


+j Moments about C: 


7 ab - ^-(3 kg)(0.8 m) 2 = 0.16 kg m 2 


Conservation of energy 


I AB o\ + mv \ (0-04 m) + I de cl\ = I AB co 2 + mv 2 (0.28 m) + l DE co 2 

(0.16 kg-m 2 )(40 rad/s) + (3 kg)(1.6 m/s)(0.04 m) +(0.025 kg •m 2 )(40 rad/s) 

= (0.16 kg • m 2 )<y 2 + (3 kg)(0.28 <y, )(0.28) + (0.025 kg • m 2 )<y, 
(6.4 + 0.192 + 1.00) = (0.16 + 0.2352 + 0.025)<y 2 

7.592 = 0.4202<y,; co 2 =18.068 rad/s: a> 2 = 18.07 rad/s 
(v r ) = 0.075 m/s 

Vi=V 2 =0 

+ ^ I AB °\ + ^ m AB V 1 + ~ m AB ( V r ) 1 

= ^-(0.025 kg • m 2 )(40 rad/s) 2 + ^-(0.16 kg- m 2 )(40 rad/s) 2 


1 


1 


H—(3 kg)(l.6 m/s) +—(3kg)(0.075 m/s) 
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PROBLEM 17.93 (Continued) 

7] =20 J + 128 J + 3.84 J + 0.008J = 151.85 J 

v 2 = (0.28 m )ah = (0.28 m)(l8.068 rad/s) = 5.059 m/s 

^2 = DE^ + ^Lb C 0 2 + ~^ m AB V 2 + H7 AB ( V r )2 

= ^-(0.025 kg • m 2 )(18.068 rad/s) 2 

+ ^-(0.16kg-m 2 )(18.068 rad/s) 2 

= ^(3 kg)(5.059 m/s) 2 + ^(3 kg)(v,.) 2 

T 2 = 4.081 J + 26.116 J + 38.391 J + 1.5(v r ) 2 
T 2 = 68.587 J + 1.5(v,.) 2 

T 1 +V l =T 2 +V 2 : 151.85 J + 0 = 68.587 J + 1.5(v r ) 2 
83.263 = 1.5(v r ) 2 

Velocity of rod relative to cylinder. (v r ) 2 = 7.45 m/s A 
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PROBLEM 17.94 



In Problem 17.83 determine the velocity of the tube relative to the rod as the 
tube strikes end E of the assembly. 

PROBLEM 17.83 A 1.6-kg tube AB can slide freely on rod DE which in 
turn can rotate freely in a horizontal plane. Initially the assembly is rotating 
with an angular velocity co-5 rad/s and the tube is held in position by a 
cord. The moment of inertia of the rod and bracket about the vertical axis of 
rotation is 0.30 kg-m 2 and the centroidal moment of inertia of the tube about 
a vertical axis is 0.0025 kg-m 2 . If the cord suddenly breaks, determine 

(a) the angular velocity of the assembly after the tube has moved to end E, 

( b ) the energy lost during the plastic impact at E. 


SOLUTION 


Let Point C be the intersection of axle C and rod DE. Let Point G be the mass center of tube AB. 
Masses and moments of inertia about vertical axes. 


State 1. 

State 2. 
Kinematics. 


Moments about C: 


,n AB ~ 1-6 kg, 1 ab ~ 0.0025 kg • ra 2 , I DCE = 0.30 kg • m 2 

(r GM )i = — (125) = 62.5 mm, a\= 5 rad/s, (v r )j = 0 

(r GM ) 2 = 500-62.5 = 437.5 mm, co-( 0 2 , v,. =(v r ) 2 = 0 

( v c)<9 = v e ~ r G/c a> 



I 


Syst. Ext. Imp. i ^2 




tW w 

_ 


- c 


2<jc» w 


6 

G- 


= Syst. Momenta 2 


Iab^K + IdCE°\ + m AB^ V e)\ ( r G/C')l + 0 - Iab^I + ^DCE^l + m AB^ V e^2^ r GIC^2 

\jAB + 1DCE + m AB ( r GIC )l ] °\ ~ AB + ^ DCE + 171 AB ( r G/C )l\ 0 h 

[0.0025 + 0.30 + (1.6)(0.0625) 2 ](5) = [0.0025 + 0.30 + (1,6)(0.4375) 2 ]co 2 
(0.30875X5) = 0.60875^ = 2.5359 rad/s 
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Kinetic energy. 


PROBLEM 17.94 (Continued) 


^ ~ 2 I abC ° + 2 ^ dceC0 + 2 IUabV 


~ 2 I ABm + 2 ^dce® + 2 


1 - 
2 

1 


\ m A B ( 


2 2 . —21 
r G/C® + V r , 


\2 . 1 /n a\/c\2 1 


7j =—(0.0025)(5) + -(0.3)(5)- + -(1.6)(0.0625) z + 0 = 3.859375 J 


2 , 1 /non\/o cocn\2 


T 2 = —(0.0025)(2.5359)“ + — (0.30)(2.5359) 

+ i(1.6)(0.4375) 2 (2.5359) 2 + ^(1.6)(v r )2 
= 1.95737 + 0.8(v,.) 2 

Work. The work of the bearing reactions at C is zero. Since the sliding contact between the rod and the tube 
is frictionless, the work of the contact force is zero. 


Principle of work and energy. 


^2=0 


h + ^ 1 — >2 _ ^2 


- \2 


3.859375 + 0 = 1.95737 + 0.8(v r ) 


r> 2 


Velocity of the tube relative to the rod. 


(v r ) 2 = 1.542 m/s 4 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1856 




PROBLEM 17.95 


The 6-lb steel cylinder A and the 10-lb wooden cart B are at rest 
in the position shown when the cylinder is given a slight nudge, 
causing it to roll without sliding along the top surface of the cart. 
Neglecting friction between the cart and the ground, determine 
the velocity of the cart as the cylinder passes through the lowest 
point of the surface at C. 
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v 0 PROBLEM 17.F4 


B 




A 

(o 



• 


C 


A uniform slender rod AB of mass m is at rest on a frictionless 
horizontal surface when hook C engages a small pin at A. 
Knowing that the hook is pulled upward with a constant 
velocity Vo, draw the impulse-momentum diagram that is needed 
to determine the impulse exerted on the rod at A and B. Assume 
that the velocity of the hook is unchanged and that the impact is 
perfectly plastic. 


SOLUTION 

Answer: 


|rm£, ‘ 
& 


B A 

] S&M SAM 1 

* 

J A 

Syst. Momenta, + 

Syst. Ext. Imp. lH>2 

= Syst. Momenta 2 
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PROBLEM 17.F5 

A uniform slender rod AB of length L is falling freely 
with a velocity Vo when cord AC suddenly becomes 
taut. Assuming that the impact is perfectly plastic, 
draw the impulse-momentum diagram that is needed to 
determine the angular velocity of the rod and the 
velocity of its mass center immediately after the cord 
becomes taut. 


SOLUTION 

Answer: 


Principle of impulse and momentum. 

A & 




ito 






mV » 




Syst. Momenta, + Syst. Ext. Imp. 1->2 = Syst. Momenta 2 

Note: For the momentum after the impact a general a Gx and a Gy can be used. These can be related to 0 ) and 
\ A using kinematics. 
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PROBLEM 17.F6 

A slender rod CDE of length L and mass m is attached to a pin 
support at its midpoint D. A second and identical rod AB is 
rotating about a pin support at A with an angular velocity co, 
when its end B strikes end C of rod CDE. The coefficient of 
restitution between the rods is e. Draw the impulse-momentum 
diagrams that are needed to determine the angular velocity of 
each rod immediately after the impact. 


SOLUTION 

Answer: 

Rod AB. 




V2 I tA .2 






Ao 


Ay/,a}, 

Syst. Momentaj + 


Rod CE. 


Jui? O 

- -ft .. 


H, 


fut FAt 

Syst. Ext. Imp. ,^ 2 

I 'S i 






c D %4i- * 

Syst. Momentaj + Syst. Ext. Imp. 1->2 


i> r 



Syst. Momenta 2 


<-=L 

c VP £ 

Syst. Momenta, 
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PROBLEM 17.97 

A bullet weighing 0.08 lb is fired with a horizontal velocity of 1800 ft/s into the 
lower end of a slender 15-lb bar of length L = 30 in. Knowing that h -12 in. 
and that the bar is initially at rest, determine (a) the angular velocity of the bar 
immediately after the bullet becomes embedded, ( b ) the impulsive reaction at C, 
assuming that the bullet becomes embedded in 0.001 s. 


v 0 
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PROBLEM 17.98 

In Problem 17.97, determine (a) the required distance h if the impulsive reaction 
at C is to be zero, ( b ) the corresponding angular velocity of the bar immediately 
after the bullet becomes embedded. 

PROBLEM 17.97 A bullet weighing 0.08 lb is fired with a horizontal velocity of 
1800 ft/s into the lower end of a slender 15-lb bar of length L = 30 in. Knowing 
that /v = 12 in. and that the bar is initially at rest, determine (a) the angular 
velocity of the bar immediately after the bullet becomes embedded, ( b ) the 
impulsive reaction at C, assuming that the bullet becomes embedded in 0.001 s. 


SOLUTION 

Bar: 


Bullet: 

Kinematics. 

Kinetics. 




moment about B: 


Divide by co 


L = 30 in. = 2.5 ft m = = 0.46584 lb • s 2 /ft 

32.2 

T = —ml} = — (0.46584)(2.5) 2 = 2.24262 lb • s 2 /ft 
12 12 


m„ = — = 0.0024845 lb • s 2 /ft 


32.2 

v B =(L— h)co = (2.5 - h)co 

f l 'i 

- h \a>- (1.25- h)a> 

v2 ) 


U <m 


\ 


n 




Leo 


ip 


Syst. Momenta i + Syst. Ext. Imp. i_> 2 

' 

0 + 0 = 1 ( 0 — mv r ' 


Syst. Momentai 


0 + 0 = 0.24262m- (0.46584X1.25 - h)co{ 1.25) 
0 = 0.24262 - 0.5823(1.25 - h) 
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PROBLEM 17.98 (Continued) 


(a) * = 0.8333 ft h = 10.00 in. ◄ 

v B =(2.5 -0.8333)^ = 1.6667® 
v G =(1.25-0.8333)® = 0.4167® 

-i- Horizontal components: m 0 v 0 + 0 = mv G + m 0 v B 

(0.0024845)(1800) + 0 = (0.46584)(0.4167m) + (0.0024845)(1.6667®) 

(b) co = 22.56 to — 22.6 rad/s ^ A 
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7 in. 


7 in. 


T" 

9 in. 


18 in. 


-*o 

1 

i 

B' 

1 

c! I _ 

PC? V 

( 

1 

y A 

i 

t 

9 in. 

i 

1 

C' 

--18 in.- - 


PROBLEM 17.99 

A 16-lb wooden panel is suspended from a pin support at A and is initially at 
rest. A 4-lb metal sphere is released from rest at B and falls into a hemispherical 
cup C attached to the panel at a point located on its top edge. Assuming that 
the impact is perfectly plastic, determine the velocity of the mass center G of 
the panel immediately after the impact. 


SOLUTION 


Mass and moment of inertia 


W s = 41b Wp=161b 



{ 16 1 

T8\ 

^ 32.2 J 

v 12 J 


= 0.18634 slug ft 2 


Velocity of sphere at C. ( v cX = sl^-gy = ^2(32.2 ft/s 2 )ft) 

Impact analysis. 

Kinematics: Immediately after impact in terms of co 2 

_ 9 


V-, =- CO, 

2 12 - 


( V c )2 ~ c ° 2 


Principle of impulse and momentum. 



+ 


Aj At 



= 6.9498 ft/s 
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PROBLEM 17.100 (Continued) 


Principle of impulse and momentum. 



A 


+ 


Ay At 

A*Afc 


Syst. Ext. Imp. 



' J Moments about A: 


-f 9 


m s (v c )i I—ft + 0 = m s (v c ) 2 (0.95015 ft) + Ico 2 + m P v 2 —ft 
12 1 112 


41b 

322 


f 


(9.8285 ft/s) 


\ 


—ft 

v 12 j 


41b 


(0.950156^X0.95015 ft)+ 0.18634ry. 


v 32.2 

f 161b 

+ vw II 74^2 


—ft 

v 12 


(,32.2 A12 
0.71221 = (0.11215 + 0.18634 + 0.2795) <y. 


co 2 =1.2322 


Velocity of the mass center. 


co , 


" 9 ft 
V 12 
^ 9 ft) 

2— (1.2322 rad/s) 
= 0.92418 ft/s 


v 2 =11.09 in./s 
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PROBLEM 17.101 

A 45-g bullet is fired with a velocity of 400 m/s at 9- 30° into a 9-kg 
square panel of side h = 200mm. Knowing that h = 150 mm and that the 
panel is initially at rest, determine (a) the velocity of the center of the panel 
immediately after the bullet becomes embedded, (b) the impulsive reaction 
at A, assuming that the bullet becomes embedded in 2 ms. 


SOLUTION 

m B = 0.045 kg fn p -9 kg I c = —m p b 2 = —(9)(0.200) 2 = 0.06 kg • m 2 

6 6 

Kinematics. After impact, the plate is rotating about the fixed Point A with angular velocity to- CO . 

b 

y r - — co —► 

G 2 

Principle of impulse and momentum. To simplify the analysis, neglect the mass of the bullet after impact. 

t f A,ca^ 


In 

'L.' 



+- 

■— 

TOuu ) 



i -i-- 


J , 





Syst. Momenta, + 

(a) +*) Moments about A: 

(m B v 0 cos 30 °)h + m B v 0 sin 30° 


Syst. Ext. Imp. 


1—>2 


Syst. Momenta 2 


— | + 0 = I G co+m P v G — 


m B v o 


b 




h cos 30° + —sin 30° 

2 j 


If-' "I - TYlpb 

G A P j 


co 


(0.045)(400)(0.150 cos 30° + 0.100 sin 30°) 


1 


0.06 +—(9)(0.2) 
4 


co- 0.15m 


co- 21.588 rad/s 

v B - (0.100X21.588) = 2.1588 m/s 


= 2.16 m/s 
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PROBLEM 17.101 (Continued) 

( b ) -±* Linear momentum: m B v 0 cos 30° + A x (At) = m p v G 

(0.045X400 cos 30°) + A x (0.002) = (9)(2.1588) 

A x = 1920 N A x = 1920 N —> 

+| Linear momentum: - m B v 0 sin30° + A y (At) = 0 

- (0.045)(400) sin 30° + A v (0.002) = 0 

A v = 4500 N A y = 4500 N j 

A = 4892 N = 4.892 kN tan/? = ^^ B= 66.9° 

1920 

A = 4.87 kN 66.9° ◄ 
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PROBLEM 17.102 

1 



A 45-g bullet is fired with a velocity of 400 m/s at 0 - 5° into a 9-kg 

h 

1 7 

G 

• 

/ 

, square panel of side b = 200 mm. Knowing that the panel is initially at 

rest, determine (a) the required distance h if the horizontal component 




of the impulsive reaction at A is to be zero, ( b ) the corresponding 


-- b -►) 

velocity of the center of the panel immediately after the bullet becomes 
embedded. 


SOLUTION 

m B = 0.045 kg m P = 9 kg I c = -m P b 2 = -(9)(0.200) 2 = 0.06 kg • m 2 

6 6 

Kinematics. After impact, the plate is rotating about the fixed Point A with angular velocity co - CO . 

b 

y r = —CO — 

G 2 

Principle of impulse and momentum. To simplify the analysis, neglect the mass of the bullet after impact. 


Also 


A x (At) = 0. 






Syst. Momenta] 

.it. Linear momentum: 


Syst. Ext. Imp. 


1 — >2 - 


Syst. Momenta 2 


m B v 0 cos5° + 0 = m P v G — m P 


b } 

-CO 

2 J 


'j Moments about A: 


(0.045X400cos5°) = (9X0.100)® co = 19.9239 rad/s 

v G = (0.100X19.9239) = 1.99239 m/s 

b b 

(m B v 0 cos5°)/i + (m fi v 0 sin5°) — = I G co+m p v G — 


(i) 


c 


/zcos5° + — sin5° | = 

v 2 


m B V 0 

(0.045)(400)(/7 cos 5° + 0. lOOsin 5°) = 


I r h— m P b z | co 
G 4 p 

0.06 +—(9)(0.200) 2 
4 


(19.9239) 


(a) 

( b ) FromEq. (1), 


17.9315/z + 0.1569 = 2.9886 

h = 0.15792 m 


h = 158 mm A 


\ r =1.992 m/s 
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PROBLEM 17.103 



The uniform rods, each of mass m, form the L-shaped rigid body 
ABC which is initially at rest on the frictionless horizontal surface 
when hook D of the carriage E engages a small pin at C. Knowing 
that the carriage is pulled to the right with a constant velocity Vo, 
determine immediately after the impact (a) the angular velocity of 
the body, ( b ) the velocity of corner B. Assume that the velocity of 
the carriage is unchanged and that the impact is perfectly plastic. 
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f)B 
/ / 

/ / 



PROBLEM 17.104 

The uniform slender rod AB of weight 5 lb and length 30 in. forms an 
angle /] = 30° with the vertical as it strikes the smooth corner shown with a 
vertical velocity v, of magnitude 8 ft/s and no angular velocity. Assuming that 
the impact is perfectly plastic, determine the angular velocity of the rod 
immediately after the impact. 
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PROBLEM 17.105 

A bullet weighing 0.08 lb is fired with a horizontal velocity of 1800 ft/s into the 15-lb 
wooden rod AB of length L- 30 in. The rod, which is initially at rest, is suspended by 
a cord of length L- 30 in. Determine the distance h for which, immediately after the 
bullet becomes embedded, the instantaneous center of rotation of the rod is Point C. 



SOLUTION 

Let m B be the mass of the bullet and m the mass of the rod. The moment of inertia I of the rod is 

/ =— ml} 

12 


Principle of impulse and momentum. 


"A 




7 


f l*t 

f) J*. 


u + 


1 


J 




Syst. Momenta, 

-) Moments about G: 
x components: 


+ 

+ 


From Eq. (2). 
From Eq. (3). 


V£Ab 
3 

+ Syst. Ext. Imp .,^2 

m B v 0 h -1 OB 
m B v 0 = mv 2 

- m B W B 

V, =-V n =-V n 


T 

v* 

Syst. Momenta 2 

C -f — 


m 


Wo = 


m B v 0 h 


W 

w„ 


v o h _ u W B v 0 h 

/ -L W L 2 w jl 


12 g 


3 

For the instantaneous center to lie at Point C, v 2 = — Lob 


U) 


c 

e 


(1) 

(2) 

(3) 

(4) 
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PROBLEM 17.106 

A uniform sphere of radius r rolls down the incline shown without slipping. 
It hits a horizontal surface and, after slipping for a while, it starts rolling 
again. Assuming that the sphere does not bounce as it hits the horizontal 
surface, determine its angular velocity and the velocity of its mass center 
after it has resumed rolling. 
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PROBLEM 17.107 

A uniformly loaded rectangular crate is released from rest in the 
position shown. Assuming that the floor is sufficiently rough to 
prevent slipping and that the impact at B is perfectly plastic, 
determine the smallest value of the ratio a/b for which corner A 
will remain in contact with the floor. 


SOLUTION 

We consider the limiting case when the crate is just ready to rotate about B. At that instant the velocities must 
be zero and the reaction at corner A must be zero. Use the principle of impulse and momentum. 


a 

J* 


-c 

'ft 

k2_ 

m. 

a / 




V* 


1 

L - 

i Ji 




+j Moments about B: 


Syst. Momenta! + Syst. Ext. Imp.^ 2 = Syst.Momenta 2 


I a\+ (mv 1 ) 2 ^-(mv l ) y ^+ 0 = 0 


Note: 


sin< 


\la 2 +b 2 


cos< 


\la 2 +b 2 


fj = (AGjVj ——\ja 2 +b 2 


a\ 


Thus: 


Also, 


_ _ _ YYl I 2 2 

(mv ,) x -(mv^sixuf)- — \Ja~ +b z 


(mv l ) = {m \\) cos (f) — — ma(0 


/ = — m(a 2 +b 2 ) 

12 


1 


CO, 


■^a > +b 


2 j.h 2 2 


— — mbco , 

o 1 


From Eq. (1) 


— m(a 2 +b 2 )co, + — ( mbco ,) — - — (maco ,) — = 0 
12 2 2 2 2 


1 r 2,. 1 2 


( 1 ) 


—mb z Q\ —ma v l — 0 
3 6 


— = 2 - = v2 - = 1.414 ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1879 





PROBLEM 17.108 


A bullet of mass m is fired with a horizontal velocity v 0 and at a 
height h-\R into a wooden disk of much larger mass M and 
radius R. The disk rests on a horizontal plane and the coefficient of 
friction between the disk and the plane is finite, (a) Determine the 
linear velocity v, and the angular velocity co, of the disk 
immediately after the bullet has penetrated the disk. ( b ) Describe 
the ensuing motion of the disk and determine its linear velocity 
after the motion has become uniform. 
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PROBLEM 17.109 

Determine the height h at which the bullet of Problem 17.108 
should be fired (a) if the disk is to roll without sliding immediately 
after impact, ( b ) if the disk is to slide without rolling immediately 
after impact. 
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PROBLEM 17.110 

A uniform slender bar of length L — 200 mm and mass m — 0.5 
kg is supported by a frictionless horizontal table. Initially the bar 
is spinning about its mass center G with a constant angular 
velocity w, = 6 rad/s. Suddenly latch D is moved to the right 
and is struck by end A of the bar. Knowing that the coefficient 
of restitution between A and D is e — 0.6, determine the 
angular velocity of the bar and the velocity of its mass center 
immediately after the impact. 


SOLUTION 





Moment of inertia. 

I — — ml} 
12 




Before impact. 

(▼a) i = 2°* 1 




Impact condition. 

( V a)2=-^( V a)i 

= \j L 0\ 1 



Kinematics after impact. 

=0a) 2 +- 

L 1 r 1 , 

— CO, - —eLco, + —LC 0 , 

2 ‘ 2 2 



Principle of impulse-momentum at impact. 




4—^1 a), 


,- f 

ps 

r—- n 


1 -- 

" + f == 

- 

1^ 


Syst. Momenta! 

+ Syst. Ext. Imp. ,^ 2 = Syst. Momenta 2 


) Moments about D: 

lo\ + 0 = Ia> 2 + mv 2 — 




lo\ = lco s + m 

— eLo\ H— Leo, — 
v 2 2 J 2 




— ml} o\—— ml} co, + — ml} eo\ + — ml} Oh 




co 2 = —(1-3 e)a\ 

v 2 =^Lea\ +^-Lf-M(l-3e)6} =^-(1 + e)o\L 



Coefficient of restitution, 

e - 0.6 





Oh = i(l - (3)(0.6))(6 rad/s) = -1.200 

ft) 2 = 1.200 rad/s 



v , = — (l + 0.6)(6 rad/s)(0.2 m) = 0.240 m/s 

8 

v 2 = 0.240 m/s 4 
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PROBLEM 17.111 


A uniform slender rod of length L is dropped onto rigid supports at 
A and B. Since support B is slightly lower than support A, the rod 
strikes A with a velocity v, before it strikes B. Assuming perfectly 
elastic impact at both A and B, determine the angular velocity of 
the rod and the velocity of its mass center immediately after the 
rod (a) strikes support A, ( b ) strikes support B, (c) again strikes 
support A. 
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PROBLEM 17.112 

The slender rod AB of length L forms an angle /i with the vertical as it strikes 
the frictionless surface shown with a vertical velocity v, and no angular 
velocity. Assuming that the impact is perfectly plastic, derive an expression for 
the angular velocity of the rod immediately after the impact. 
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PROBLEM 17.113 

The slender rod AB of length L=lm forms an angle /> — 30° with the vertical as 
it strikes the frictionless surface shown with a vertical velocity v, = 2 m/s and 
no angular velocity. Knowing that the coefficient of restitution between the rod 
and the ground is e = 0.8, determine the angular velocity of the rod immediately 
after the impact. 
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PROBLEM 17.113 (Continued) 


Data: 

L -1 m, J3-30°, v| = 2 m/s, <? = 0.8 



(6)(1.8)sin30° 2 m/s 
co= , • , 

CO = 6.17 rad/s A A 


l + 3sin" 30° lm 
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PROBLEM 17.114 

The trapeze/lanyard air drop (t/LAD) launch is a proposed innovative method for airborne launch of a 
payload-carrying rocket. The release sequence involves several steps as shown in (1) where the payload rocket is 
shown at various instances during the launch. To investigate the first step of this process where the rocket 
body drops freely from the carrier aircraft until the 2-m lanyard stops the vertical motion of B , a trial rocket is 
tested as shown in (2). The rocket can be considered a uniform 1-m by 7-m rectangle with a mass of 4000 kg. 
Knowing that the rocket is released from rest and falls vertically 2 m before the lanyard becomes taut, 
determine the angular velocity of the rocket immediately after the lanyard is taut. 



SOLUTION 

While the lanyard is slack, the rocket falls freely without rotation. Considering its motion relative to the 
airplane (a Newtonian frame of reference), its vertical velocity is 

vf = Vo + 2 gy = 2 gy 

v 1 = -sjlgy - ^(2X9.81 m/s)(2 m) v : = 6.2642 m/s | (1) 

Moment of inertia: I = —m(a 2 + b 2 ) 

12 

= —(4000 kg)[(7 m) 2 + (1 m) 2 ] = 16.667 kg • m 2 
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PROBLEM 17.114 (Continued) 


For impact use the principle of impulse and momentum. 



Syst. Momenta! + Syst.Ext.Imp M ^ 2 = Syst.Momenta 2 

x-components —- : 0 + 0 = mv x v\ = 0 

+") Moments about B: mv l (3.5) + 0 -10) + rriv y (3.5) (2) 

Kinematics. v B = v B —- 

v = [v r — ] + [v v , ] = [v B — ] + [3.5 (o' ] + [0.5<y—►] 

y-components {: v = 3.5 (d (3) 

Substitute from Eqs. (1) and (3) into Eq. (2). 

mv l (3.5) = [J + m(3.5) 2 ]ft/ 

(4000 kg)(6.2642 m/s)(3.5 m) = [16667 kg • m 2 + (4000 kg)(3.5 m) 2 ]^ 

Angular velocity. (o' = 1.336 rad/s x ^ 
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PROBLEM 17.115 

t 

--200 mm-*■ 


The uniform rectangular block shown is moving along a 
frictionless surface with a velocity v, when it strikes a 
small obstmction at B. Assuming that the impact between 
’ B comer A and obstmction B is perfectly plastic, determine 

T - 

100 mm 

1 

P—1 

e i 

the magnitude ot the velocity Vj ror which the maximum 

angle # through which the block will rotate is 30°. 


SOLUTION 


Let m be the mass of the block. 

Dimensions: a- 0.200 m 

b = 0.100 m 

Moment of inertia about the mass center. 


Let d be one half the diagonal. 


/ = — m(a 2 +b 2 ) 

12 

d = —\la 2 +b 2 =0.1118 m 
2 


Kinematics. Before impact v, = v,—-, C0j=0 

After impact, the block is rotating about comer at B. 

co 2 = co 2 ) \ 2 -da> 2 

Principle of impulse and momentum. 



Syst. Momenta, + Syst. Ext. Imp. ,^ 2 = Syst. Momenta 2 


(*+ Moments about B: 


mv.b - 
—-—l- 0 = I ox, + mdv 2 

^m\\b = m(a 2 + b 2 )co 2 + md 1 a> 2 

= ^m(a 2 +b 2 )a> 2 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1891 




Angular velocity after impact 


PROBLEM 17.115 (Continued) 

3 \\b 


co 7 = 


2 (a 2 +b 2 ) 

The motion after impact is a rotation about corner B. 
Position 2 (immediately after impact). v 2 = dco 2 


) 


a) 


Position 3 (6 = 30°). 


ft = tan 1 — = tan 1 0.5 = 26.565° 
a 

h = d sin (J3 + 30°) = 0.11180sin 56.565° = 0.093301 m 
co 3 — 0 v 3 = 0 


b/a 

1 

Potential energy: 

Kinetic energy: 

Principle of conservation of energy: 



T 2 = ^la> 2 +^mv 2 =—(7 +md 2 )a% 


= —m(a 2 + b 2 )co 2 7 1 , =0 


T 2 +V 3 =T 3 +V 3 

— m(a 2 + b 2 )(0 2 + m '^ } = 0 + mgh 


2 3g(2h-b) (3)(9.81)(0.18660 - 0.100) 

a> 0 — ■ — 


Magnitude of initial velocity. 
Solving Eq. (1) for v. 


2 (a 2 +b 2 ) 


= 50.974 (rad/s Y 
2 (n 2 +b 2 )co> 2 


(0.200) 2 + (0.100) 2 


co 2 = 7.1396 rad/s ) 


v, =- 


v, =- 


3b 

(2)[(0.200) 2 + (0.100) 2 ](7.1396) 


(3)(0.100) 


= 2.38 m/s A 
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PROBLEM 17.116 

A slender rod of length L and mass m is released from rest in the position 
shown. It is observed that after the rod strikes the vertical surface it 
rebounds to form an angle of 30° with the vertical, (a) Determine the 
coefficient of restitution between knob K and the surface, (b) Show that 
the same rebound can be expected for any position of knob K. 
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PROBLEM 17.116 (Continued) 



V 4 =-W-cos30° 

2 

r 3 =\o (f + ^ mv 3 2 




If 1 , 2 1 2 1 1 

= — — mL~ let), H — m 
2yl2 ) 3 2 

= 

ft f 



o 

il 



T 3 + V 3= T 4 +V 4 : 

— mis a^ - mg — = 0 — mg — cos 30° 

6 2 2 




a>l =3(1 -cos 30°) |- 


a> 3 = 0.63397^ ) 

Analysis of impact. 




Let r be the distance BK. 




Before impact, 

(\ k ) 3 = r<y, —= 1.73205 — 



After impact, 

(v k ) 4 = ra> 4 ■*— = 0.63397r^^- -*— 



Coefficient of restitution. 

„ _ Kv*) 4 „I 

K v khJ 




_ 0.63397 

1.73205 


e = 0.366 ◄ 
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PROBLEM 17.117 

A slender rod of mass m and length L is released from rest in the 
position shown and hits edge D. Assuming perfectly plastic impact at D, 
determine for b = 0.6 L, (a) the angular velocity of the rod immediately 
after the impact, ( b ) the maximum angle through which the rod will 
rotate after the impact. 
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PROBLEM 17.118 


A uniformly loaded square crate is released from rest with 
its corner D directly above A; it rotates about A until its 
corner B strikes the floor, and then rotates about B. The floor 
is sufficiently rough to prevent slipping and the impact at B 
is perfectly plastic. Denoting by co 0 the angular velocity of 
the crate immediately before B strikes the floor, determine 
(a) the angular velocity of the crate immediately after B 
strikes the floor, ( b ) the fraction of the kinetic energy of the 
crate lost during the impact, (c) the angle 6 through which 
the crate will rotate after B strikes the floor. 
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PROBLEM 17.118 (Continued) 


After impact: 


„ l - 2 1 _ 2 1 

T, ~—1co~ +—mv~ = — 
2 2 2 2 

1 ,2 1 / 1 


— mc^ W H—m — \[2cC0 1 

6 J 2 12 J 


1 


= —mcco — — me —co n =— 

3 3 ^4^*J 48 



T —T - —— 1 

Fraction of energy lost: —-— = -—— = 1- 

T x 1 16 


16 

Conservation of energy during falling. T 0 +V 0 =T X + V, 


(1) 

Conservation of energy during rising. 7, + V 3 =T 2 + V 2 


(2) 

Conditions: 71, =0, 7\ = 0 77 = —71 

0 3 2 16 1 



Vo = mg Q-V2 c Vi = V 2 = mg Q-cJ 

&o 

s 

II 



From Equation (1), 
From Equation (2), 


T t =V () -V t =Uj2-\)mgc 


To = v 3 - V 2 = mg/r, - —mgc 


h i~{ c 1 


r V2-l 16 


= 77 >h = 


- + —(V2-1) 

2 16 


(c) From geometry, 

Equating the two expressions for /i 3 , 


/i, = ^-%/2c sin (# + 45°) 


sin (45° + 0) = 


i + £(>/2-1) 



|V2 


45°+ <9 = 46.503° 


(9 = 1.50° ◄ 
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A 



200 mm 


PROBLEM 17.119 

A 1-oz bullet is fired with a horizontal velocity of 750 mi/h into the 18-lb 
wooden beam AB. The beam is suspended from a collar of negligible mass 
that can slide along a horizontal rod. Neglecting friction between the collar 
and the rod, determine the maximum angle of rotation of the beam during its 
subsequent motion. 



SOLUTION 


Mass of bullet. 
Mass of beam AB. 

Mass ratio. 


W' = 1 ounce = 0.0625 lb 
IT = 18 lb 
W' 

B = — = 0.0034722 W' = BW and m = Bm 
W 


Since /3 is so small, the mass of the bullet will be neglected in comparison with that of the beam in 
determining the motion after the impact. 


Moment of inertia. 
Impact kinetics. 


I — — mi} 
12 


e 






1 
L 

I 


= -+V 


vn/D, 


I*>„ 


Syst. Momenta, + Syst. Ext. Imp., 2 = Syst. Momenta 


-» + linear components: 
) Moments about B: 


~fimv {) + 0 = mv 2 v 2 = [iv {) 


0 + 0 = 1(0— mv— 


co- 


co- 


mv 2 L 12 mj3v 0 L 
21 2 ml} 

6/?v 0 
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PROBLEM 17.120 

For the beam of Problem 17.119, determine the velocity of the 1-oz bullet for 
which the maximum angle of rotation of the beam will be 90°. 

PROBLEM 17.119 A 1-oz bullet is fired with a horizontal velocity of 350 m/s 
into the 18-lb wooden beam AB. The beam is suspended from a collar of 
negligible weight that can slide along a horizontal rod. Neglecting friction 
between the collar and the rod, determine the maximum angle of rotation of the 
beam during its subsequent motion. 


SOLUTION 

Mass of bullet. 
Mass of beam AB. 

Mass ratio. 


W' - 1 ounce = 0.0625 lb 
W = 18 lb 
W' 

B = — = 0.0034722 W'=BW and m = Bm 
W 


Since /3 is so small, the mass of the bullet will be neglected in comparison with that of the beam in 
determining the motion after the impact. 


Moment of inertia. 
Impact Kinetics. 


I = —ml} 
12 


0 




/Sim nj; 






M/0, 






Syst. Momenta, + Syst. Ext. Imp., 2 = Syst. Momenta 


-. + .. linear components: 
) Moments about B: 


-J3mv 0 + 0 = mv 2 v 2 = /?v 0 


0 + 0 = J (0— mV-, — 


co¬ 


co- 


mv 2 L 12 m/3v 0 L 
21 2 ml} 

6 fiv 0 
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PROBLEM 17.121 (Continued) 


From Equation (1) 

v i ~ V(2)(9-81)(2.5) 



= 7.0036 m/s 


From Equation (2) 

(70)(7.0036) 
c 70 + 55 + 5 



= 3.7712 m/s 


From Equation (3) 

(3.7712) 2 
?2 “ (2)(9.81) 



= 0.725 m 

h 2 = 725 mm A 
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PROBLEM 17.122 



Solve Problem 17.121, assuming that the gymnasts change 
places so that gymnast A jumps onto the plank while gymnast B 
stands at C. 

PROBLEM 17.121 The plank CDE has a mass of 15 kg and 
rests on a small pivot at D. The 55-kg gymnast A is standing on 
the plank at C when the 70-kg gymnast B jumps from a height 
of 2.5 m and strikes the plank at E. Assuming perfectly plastic 
impact and that gymnast A is standing absolutely straight, 
determine the height to which gymnast A will rise. 
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PROBLEM 17.122 (Continued) 


Data: 

m E - m A - 55 kg 

m c = m B — 70 kg 
m P = 15 kg 



/zj = 2.5 m 


From Equation (1) 

v,=V(2)(9.81)(2.5) 



= 7.0036 m/s 


From Equation (2) 

(55)(7.0036) 
c 55 + 70 + 5 



= 2.9631 m/s 


From Equation (3) 

, _ (2.9631) 2 
?2 “ (2)(9.81) 



= 0.447 m 

h, = 447 mm A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1906 





PROBLEM 17.123 

A small plate B is attached to a cord that is wrapped around a uniform 8-lb 
disk of radius R — 9 in. A 3-lb collar A is released from rest and falls through a 
distance h -15 in. before hitting plate B. Assuming that the impact is 
perfectly plastic and neglecting the weight of the plate, determine immediately 
after the impact (a) the velocity of the collar, (b) the angular velocity of the disk. 
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/\ 

R 

I 



PROBLEM 17.124 

Solve Problem 17.123, assuming that the coefficient of restitution between A 



and B is 0.8. 

PROBLEM 17.123 A small plate B is attached to a cord that is wrapped 




around a uniform 8-lb disk of radius R = 9 in. A 3-lb collar A is released from 
rest and falls through a distance h-15 in. before hitting plate B. Assuming 
that the impact is perfectly plastic and neglecting the weight of the plate, 


A I 

h 

determine immediately after the impact (a) the velocity of the collar, ( b) the 
angular velocity of the disk. 





SOLUTION 


W D = 8 lb 


■ = 0.2484 lb • s“/ft 


g 32.2 

R =9 in. = 0.75 ft 

I D — ~m D R 2 — 0.06988 lb • s 2 • ft 

W A = 3 lb 

TI7 O 

4 - = 0.09317 lb - s 2 /ft 


g 32.2 
h = 15 in. = 1.25 ft 

Collar A falls through distance h. Use conservation of energy. 

7i=0 

v,=w A h 

r-p 1 2 

T 2=- m A V A 

v 2 =o 

T t +V t =T 2 +V 2 : 0 + W A h = ±m A v 2 A +0 

2 2«z a /i 
v A =—— = 2 gh 
W A 

= (2)(32.2)(1.25) 

= 80.5 ft 2 /s 2 
v A =8.972 ft/s J 

Impact. Neglect the mass of plate B. Neglect the effect of weight over the duration of the impact. 
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PROBLEM 17.125 (Continued) 


Impact. 


w 


Cf 


"He). 




K 


SCJt 

(Tr 


L 

UMKcJt 




Cs 


fHc'. 


Syst. Momenta, + Syst. Ext. Imp. ,^ 2 = Syst. Momenta: 


Kinematics 


L 

( v ac)i _ y(®Ac) 1 
( V AC^2 = Y^c)2 


(^Moments about C: m(v AC ) l ^ +1 {(0 AC ) l - L\Kdt-m(v AC ) 2 [^^ +1 {(0 AC ) 2 


— ml} ( (0 AC ), —L\Kdt = — ml} ((0 AC ) 2 


w 


v 


X 

u 

SK^r 


SDJt 


igrD 

£ 

Syst. Momenta, + Syst. Ext. Imp.,^ 2 = Syst. Momenta: 


B 


6 


Kinematics 

Moments about D: 


L 

( v sn)2 - ~( <y Bn)2 

0 + (L — /z) J Kdt = m(y BD ) 2 — + / ) 


(L - h) j Kdt = — ml} ( co BD ) 


Multiply Eq. (2) by (L - /;) and Eq. (3) by L and then add to eliminate J Kdt. 


1 


mL (L h)(co AC ) l — mis(L K){(O a ^.)^ "b ml. ((0 BD ) 2 


( 2 ) 


(3) 


( 1 ) 
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PROBLEM 17.125 (Continued) 

Condition of impact: L(co AC ) 2 —(L — h)(co BD ) 2 = -eL(co AC )j 
For h-fL and e = 0.5 Eqs. (1) and (2) become 

—mL(o) AC ) l =—mL (co AC ) 2 +—mL (co BD ) 2 
6 6 3 

-— = 0 .5L(co AB ) l 

Dividing Eq. (3) by \nil? and transposing terms gives 

(^AC ^2 + D )l = AC )l 

Dividing Eq. (4) by LI 2 and transposing terms gives 

2 (^Ac)2 ~( a> BD^2 ~ ~(®ac\ 

Solving Eqs. (5) and (6) simultaneously for (co AC ) 2 and (0) BD ) 2 gives 

(^Ach = —0-2(<y AC )i 

( <y «/j)2 =0.6(<y AC )j 

(a) Angle of swing 0 B for rod B. 

Apply the principle of conservation of energy to rod B. 

t 2 +v 2 = t 3 +v : 3 

Position (2): Just after impact. 

Position (3): At maximum angle of swing. O nta'Vo wx 

- “ 

Potential energy. I \ 

Use the pivot point D as the datum. 




L 

V 2 = -mg — 

V 3 =-mg ^ cos 0 B 


L 

Z 

L 


© 


e> 


( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 

(B) 
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PROBLEM 17.126 

A 2-kg solid sphere of radius r = 40 mm is dropped from a 
height h = 200 mm and lands on a uniform slender plank 
AB of mass 4 kg and length L — 500 mm which is held by 
two inextensible cords. Knowing that the impact is perfectly 
plastic and that the sphere remains attached to the plank at 
a distance a = 40 mm from the left end, determine the 
velocity of the sphere immediately after impact. Neglect 
the thickness of the plank. 


SOLUTION 


Masses and moments of inertia. 
Sphere: 


m s = 2 kg, r — 40 mm = 0.040 m 


7 2 2 

= — m<.r = 
s 5 5 


f oS 




(2 kg)(0.04 m) 2 = 1.28xl0~ 3 kg • m 2 


Plank AB: 


m AB = 4 kg, L = 500 mm = 0.5 m 

Tab = -k m A B L 2 = 1(4 kg)(0.5 m) 2 = 83.333x 10' 3 kg • m 2 


Velocity of sphere at impact. 

v s = ^2gh = yf( 2)(9.81 m/s)(0.200 m) = 1.9809 m/s 

Before impact. 

Linear momentum: m s y s = (4 kg)(1.9809 m/s) {= 7.9236 kg • m/s | 

with its line of action lying at distance y - a from the midpoint of the plank. 

— — a = 0.25 m - 0.04 m = 0.21 m. 

2 

After impact. Assume that both cables are taut so \ A is perpendicular to the cable at A and \ B is perpendicular 
to the cable at B. 
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PROBLEM 17.126 (Continued) 


Kinematics. 

To locate the instantaneous center C 
draw line AC perpendicular to v,, and 

line BC perpendicular to \ B . Let point G 
be the mass center of the plank AB and 
Point S be that of the sphere. 

CH =Lcos30° + r 

= (0.500 m) cos 30° + 0.040 m 
= 0.47301 m 

Us - — -a- 0.21 m 
2 

CS ='lcH 2 +HS 2 = 0.51753 m 

tan ,0 = — = 0.44397 B = 23.94° 
CH 

v s = (CS)co = 0.5\153co 
v G = (Lcos30°)<y = 0.43301m 

Principle of impulse and momentum. 





L 

m s v s | — — a 


+ 

\ 

) 


Syst. Ext. Imp. 


1 —> 2 


Syst. Momenta! 


m s v s 


+ 0 = m s v\ (CS) + m AB v l G (CH) + I s co+ I AB co 


- a \ = [m s (CS) +m AB CG + I s + I AB ]0) = I c (0 

v 2 
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PROBLEM 17.126 (Continued) 

where m s v s = (2 kg)(1.9809 m/s)(0.21 m) = 0.83198 kg • m 2 /s 

and I c = (2 kg)(0.51753 m) 2 + (4 kg)(0.43301 m) 2 +1.28 x 10~ 3 kg • m 2 + 83.333x10^ kg • m 2 
= (0.53567 + 0.75 + 0.00128 + 0.08333) kg • m 2 = 1.37028 kg • m 2 

0.83198 kg m 2 /s = (1.37028 kg-m 2 )<y co = 0.60716 rad/s ◄ 

= (0.51753 m)(0.60716 rad/s) = 0.31422 m/s 
v l G = (0.43301 m)(0.60716 rad/s) = 0.26291 m/s 

To check that neither cable becomes slack during the impact, we show that J Adt and \ B dt are positive 
quantities. 

+| components: —m s v s + (f Adt + J Bdt) cos 30° = ~mv\ sin [3 

-^-( \Adt +1Bdt) = [m s v s - m s v\ sin /?]/cos 30° 

= 7.9236 - (2)(0.31422) sin 23.94° 

= 7.6686 N-s 

aL- components: 0 + (J Adt -1 Bdt) sin30° = m AB v l G +m s v s cos// 

~(\Adt -1 Bdt) - (4)(0.26291) + (2)(0.31422) cos 23.94° 

2 ' 

= 1.6260 N-s 

Solving the simultaneous equation gives 

\Adt = 6.05 N-s \Bdt = 2.80N-s 
The cables remain taut as assumed. 

Velocity of sphere: =0.314 m/s ^23.9° 4 
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PROBLEM 17.127 


Member ABC has a mass of 2.4 kg and is attached to a pin 
support at B. An 800-g sphere D strikes the end of member ABC 
with a vertical velocity Vj of 3 m/s. Knowing that L - 750 mm 
C and that the coefficient of restitution between the sphere and 
member ABC is 0.5, determine immediately after the impact 
(a) the angular velocity of member ABC, (b) the velocity of the 
sphere. 
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PROBLEM 17.127 (Continued) 


Coefficient of restitution. 

/ / / c , 

V D - V A =V D --C0 

= -e(v D -v A ) 



v D -0.1875m' = -(0.5)(3-0) 

(2) 

Solving Eqs. (1) and (2) simultaneously. 

(a) Angular velocity. (o' - 3 

e/ = 3.00 rad/s ^ 4 

(b) Velocity of D. 

v D = -0.9375 

v' D = 0.938 m/s| 4 
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PROBLEM 17.128 




D 9 

Member ABC has a mass of 2.4 kg and is attached to a pin 


JAB 



... 


v, support at B. An 800-g sphere D strikes the end of member 



r 6()° 

sJ ' 

ABC with a vertical velocity Vj of 3 m/s. Knowing 
that L = 750mm and that the coefficient of restitution 

A(^" 



C 

between the sphere and member ABC is 0.5, determine 
immediately after the impact (a) the angular velocity of 
member ABC, ( b ) the velocity of the sphere. 
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PROBLEM 17.129 

Sphere A of mass m A = 2 kg and radius r — 40 mm rolls without 
slipping with a velocity v = 2 m/s on a horizontal surface when 
it hits squarely a uniform slender bar B of mass m B — 0.5 kg and 
length L = 100 mm that is standing on end and at rest. Denoting 
by fik the coefficient of kinetic friction between the sphere and 
the horizontal surface, neglecting friction between the sphere 
and the bar, and knowing the coefficient of restitution between 
A and B is 0.1, determine the angular velocities of the sphere 
and the bar immediately after the impact. 
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PROBLEM 17.129 (Continued) 


Sphere A alone. 



( +Moments about A: 

I A o\ + 0 = I A co A co A -a\ 

to A = 50.0 rad/s y -4 

Kinematics: 

b — — — r — 50 mm - 40 mm = 10 mm = 0.010 m 

2 



= (v B +bco B )—~ 


Condition of impact. 

v A - = -ev, 


V A 

- v B - bco B = —ev l 

(1) 

Bar B alone: 



+*) Moments about Q\ 

0 + 0 - l B co B - bm B v B 



1 2 

— m B L-co B - bm B v B = 0 



1 . 

bv B - L co R — 0 

B 12 B 

(2) 

Sphere A and bar B together. 


+t*components: 

m A V\ + 0 = m A v A + m H v B 



m A v A + m B v B = m A v 1 

(3) 

Data: 

m A = 2 kg, m B = 0.5 kg, e - 0.1 



Vj = 2 m/s, L- 0.100 m, b- 0.010 m 



v A - v B - (0.010 m )co B = -(0.1)(2 m/s) 

(1)' 


(0.010m)v B --^(0.100m f co B =0 

(2)' 


(2 kg)v A + (0.5 kg)v B = (2 kg)(2 m/s) 

( 3 )' 

Solving Eqs. (1)', (2)', and (3)' simultaneously, 



v A = 1.599 m/s v B =1.606 m/s co B - 19.27 rad/s 

ta B = 19.27 rad/s 4 
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PROBLEM 17.130 



A large 3-lb sphere with a radius r — 3 in. is thrown into a light 
basket at the end of a thin, uniform rod weighing 2 lb and length 
L — 10 in. as shown. Immediately before the impact the angular 
velocity of the rod is 3 rad/s counterclockwise and the velocity of 
the sphere is 2 ft/s down. Assume the sphere sticks in the basket. 
Determine after the impact (a) the angular velocity of the bar and 
sphere, ( b) the components of the reactions at A. 
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PROBLEM 17.130 (Continued) 


(a) +} Moments about A: 


m s v 0 L -1 AB (O 0 - m AB v c ^ + 0 = I G 0)+m s v G R + I AB (d + m AB v c ^ 


or 


2 L 

m S V 0 L - ^AB ®b _ m AB V C — - 


C 


\ 


I G + m sR + lAB + ^ m AB^ 


CO 


( 1 ) 


(0.09317X2) 


— | - (0.003594)(3) - (0.06211)(1.25) 
v 12 


12 


0.002329 + (0.09317)(0.87) 2 + 0.003594 + -(0.06211) 

4 


10 

V. 12 y 


CO 


0.112152 = 0.087226t</ r</ = 1.2858 
Normal accelerations at C and G. 

r 

V\2 


to' = 1.286 rad/s ^ A 


L , ,, 9 f5 \ ,. Anrm2 COOn A /„ 2 


(a c )„ = —(<y j = J(1.2858) = 0.6889 ft/s 

(fl c )„ = /?(<y') 2 = (0.87)(1.2858) 2 = 1.4384 ft/s 2 T 7 16.7° 
Tangential accelerations at C and G. a-a 


L 1 

12 

(b) Kinetics. Use bar AB and the sphere as a free body. 


(a c ), -^a-^a\ ( a G ), = /?a = 0.87a f\ 16.7° 




+>M A = Z(M A ) eff : 


^AB ^ + W S L — ^AB^ + ^ m AB ( fl C)f + ^G® + m S ( a G X ^ 


1 


I AB + ^ 111 AB^ + ^G + I 


(2) 


(a c )r = 


( 5 

Oo^i 

1 

(10 Y 2 

— +0) 


0.003594 + -(0.06211) 

— + 0.002329+ (0.09317)(0.87) 2 

V 12 J 1 

v 12 J 

4 ' 

v 12 J 


a 


3.3333 = 0.087226a 


a = 38.214 rad/s 2 ) 
^(38.214) = 15.923 ft/s 2 [ (a c ), = (0.87)08.214) = 33.247 ft/s 2 [\ 16 . 7 o 
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PROBLEM 17.130 (Continued) 

+.IF t =KF r ) eff : 

A x = -m AB ( a c )„ - m s ( a G ) n cos 16.7° + m s ( a G ), sin 16.70 

A x = - (0.06211X0.6889) - (0.09317)(1.4384) cos 16.7° + (0.09317)(33.247) sin 16.7° 

A x =0.719 lb A x =0.719 lb— ◄ 

+| ZF y = Ii(F y ) eff : - W AB -W s = -m AB (a c ), - m s (a G ), cos 16.7° - m s (a G )„ sin 16.7° 

Ay- 2- 3 = -(0.06211)(15.923) - (0.09317)(33.247)cosl6.7° - (0.09317)(1.4384)sinl6.7° 

A, =1.006 lb A, =1.006 lb (◄ 
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PROBLEM 17.131 

A small rubber ball of radius r is thrown against a rough floor 
with a velocity \ A of magnitude v 0 and a backspin co A of 
magnitude a> 0 . It is observed that the ball bounces from A to B. 
then from B to A, then from A to B. etc. Assuming perfectly 
elastic impact, determine the required magnitude a> 0 of the 
backspin in terms of v 0 and r. 
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PROBLEM 17.132 

Sphere A of mass m and radius r rolls without slipping with a 
velocity v, on a horizontal surface when it hits squarely an 
identical sphere B that is at rest. Denoting by /u k the coefficient 
of kinetic friction between the spheres and the surface, neglecting 
friction between the spheres, and assuming perfectly elastic 
impact, determine (a) the linear and angular velocities of each 
sphere immediately after the impact, ( b ) the velocity of each 
sphere after it has started rolling uniformly. 
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PROBLEM 17.132 (Continued) 


Condition of rolling without slipping: 


( Moments about C: 


mv B r + 0 = / co' B + mv' B r 


mV, r + 0 = 


' 2 9 

—mr 2 \co' B +m(rco' B )r 

v5 

5 V I 
7 r 


V B=~V 1 


(b) Final Rolling Velocities. 


v 4 =-v. 


V R = — V, 
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PROBLEM 17.134 (Continued) 


+ ) Moments about A: 


0 + (B x At)L = Io) AB + mv AB l - 
1 ? 

( B x At)L = —mL(0 AB + m 


-co. 


B r At = —mLco 


'AB 


We now have 3 unknowns (B x A t\, a> AB , and (0 B c ) and 3 equations. 
Add Eqs. (2) and (3): 


Subtract Eq. (1) from Eq. (4): 


Substitute for co BC in Eq. (1): 


Substituting into Eq. (5): 


Given data: 


Angular velocity of bar AB . 

Angular velocity of bar BC . 


4 1 

Q At = —mLco AB + —mLco BC 


0 = — mLco AB H— mLco BC 

6 6 

co BC = — 5 ( 0 AB 


QAt = —mL( 0 AB + —mL(—5co AB ) 


= --mLco AB 
6 

_ 6 Q At 

7 mL 
f 6 QAt 


co. 


co BC - 5 


7 mL 


30 QAt 

0) HC - - 

BC 1 mL 

L = 0.400 m 
QAt = 1.5 N s 
m = 1.2 kg 

6 QAt 


co 


(6X1.5) 


AB 


CO, 


'BC 


7 mL (7)(1.2)(0.4) 

30 QAt _ (30)(1.5) 

7 mL ~ (7)(1.2)(0.4) 


( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 


(0 AB = 2.68 rad/s ^ -4 
(o BC = 13.39 rad/s 4 
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5 in. 



PROBLEM 17.135 

A uniform disk of constant thickness and initially at rest is placed in 
contact with the belt shown, which moves at a constant speed 
v = 80 ft/s. Knowing that the coefficient of kinetic friction between 
the disk and the belt is 0.15, determine (a) the number of revolutions 
executed by the disk before it reaches a constant angular velocity, 
(. b ) the time required for the disk to reach that constant angular 
velocity. 
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6 in. 


15 in. 


PROBLEM 17.136 

The 8-in.-radius brake drum is attached to a larger flywheel that is not 
shown. The total mass moment of inertia of the flywheel and drum 
is 14 lb - ft • s 2 and the coefficient of kinetic friction between the drum 
and the brake shoe is 0.35. Knowing that the initial angular velocity 
of the flywheel is 360 rpm counterclockwise, determine the vertical 
force P that must be applied to the pedal C if the system is to stop in 
100 revolutions. 


SOLUTION 

Kinetic energy. 


Work. 


a\ = 360 rpm = 12;r rad/s 
co 2 - 0 

= i(14)(12;r) 2 

= 9.9486 xlO 3 ft • lb 
T 2 = 0 

0 = (100)(2;r) = 628.32 rad 

f 8 


M D =F f r = F f 


12 


u^ 2 =-M D e=-F f 


A 1(628.32) 
V 1Z 


= -418.88F 


/ 


Principle of work and energy. 


7j +U X _^ 2 = T 2 : 9.9486x10 s -418.88F,• = 0 


F f = 23.75 lb 


Kinetic friction force. 


F f =M k N 

F f 23 75 

N = -t- = —-— = 67.859 lb 


ju k 0.35 

Statics. +)IM a = 0: (9 in.)P + (2 in.)^- - (10in.)iV = 0 


/ 

9 P + (2)(23.75) - (10)(67.859) = 0 

P = 70.12 
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6 in. 


8 in. 


PROBLEM 17.137 

A 6 x 8 - in. rectangular plate is suspended by pins at A and B. The 
pin at B is removed and the plate swings freely about pin A. 
Determine (a) the angular velocity of the plate after it has rotated 
through 90°, ( b ) the maximum angular velocity attained by the plate 
as it swings freely. 


SOLUTION 

Let m be the mass of the plate. 
Dimensions: 

Moment of inertia about A 


a — 8 in. = 0.66667 ft b — 6 in. = 0.5 ft 


1 


Position 1. Initial position. 

Position 2. Plate has rotated about A through 90°. 
Position 3. Mass center is directly below pivot A. 

A © 

r 


I A = —m(a + b ) 
a\= 0 


i 




Cl 


T 

b/a 



Potential energy. Use level A as datum. 


vi=- 


mab 


V, =- 


mga 


V 3 = —mgd 


Where 


d = —\la 2 +b 2 = 0.41667 ft 


Kinetic energy. 

(a) 90° rotation. Conservation of energy . 


r,= o 


r-Ti 1 T 2 

^3 - ~2^ A® 3 


r x + v r = T 2 + V 2 : 0 - ^ = i • i m(a 2 + b 2 )(o\ + ^ 


2 3 g(a-b) (3)(32.2)(0.66667 - 0.5) 


2 , 7 2 

a + b 


(0.66667) 2 + (0.5) 2 


= 23.184(rad/s) 2 

co 2 =4.81 rad/s J 4 
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PROBLEM 17.138 

The gear jihown has a radius R = 150 mm and a radius of 
gyration k = 125 mm. The gear is rolling without sliding with 
a velocity v, of magnitude 3 m/s when it strikes a step of 
height h = 75 mm. Because the edge of the step engages the 
gear teeth, no slipping occurs between the gear and the step. 
Assuming perfectly plastic impact, determine (a) the angular 
velocity of the gear immediately after the impact, ( b ) the 
angular velocity of the gear after it has rotated to the top of 
the step. 
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PROBLEM 17.138 (Continued) 

Part ( b ) Conditions at the top of the step. 

The gear pivots about the edge of the step. Use the principle of conservation of energy. 
Position (2): The gear has just broken contact with the floor. 

Position (3): The center of the gear is above the edge of the step. 




Kinematics: (Rotation about S ) v = coR 
Kinetic energy: 


1 - , 1 , 
T =—lco 2 H— mv 2 
2 2 


2 ,..2 


— —mk 2 CO 2 + — mR~CO 
2 2 


Position (2): 


Position (3): 


= ^m(k 2 + R 2 )o) 2 

T 2 = —m(k 2 + R 2 )co 2 
V 2 = mgR 

T 3 =^m(k 2 + R 2 )a% 


V 3 = mg(R + h ) 

Principle of conservation of energy: 


t 2 + v 2 =r 3 + v 3 


—m(k ” + R )co 2 + mgR = —m(k 2 + R 2 )0X t + mg(R + h ) 


Angular velocity: 


...2 _ „,2 2 gh 

(D^ — (O^ — 1 9 

^ k 2 +R 2 


= (14.10 rad/s) 


= 160.21 rad 2 /s 2 


2 (2)(9.81 m/s 2 )(0.075m) 


(0.125 m) 2 +(0.150 m) 2 


a> 3 = 12.66 rad/s A 
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PROBLEM 17.139 



A uniform slender rod is placed at comer B and is given a slight 
clockwise motion. Assuming that the comer is sharp and becomes 
slightly embedded in the end of the rod, so that the coefficient of static 
friction at B is very large, determine (a) the angle [J through which the 
rod will have rotated when it loses contact with the comer, ( b ) the 
corresponding velocity of end A. 
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PROBLEM 17.140 

The motion of the slender 250-mm rod A B is guided by pins at A and B that 
slide freely in slots cut in a vertical plate as shown. Knowing that the rod has 
a mass of 2 kg and is released from rest when 6 — 0, determine the reactions 
at A and B when 0 = 90°. 


SOLUTION 


Let Point G be the mass center of rod AB. 

m = 2 kg 
L = 0.25 m 

I r - —ml} =0.0104667 kg m 2 
G 12 5 

Kinematics. 6 - 90° 

AD = R = 0.125 m 

AB - L- 0.25 m 

sin J3 = — = - p = 30° 

L 2 

AG = — = 0.125 m 
2 

fiG = 0.125 m 

Point E is the instantaneous center of rotation of bar AB. 

v r = —ty = 0.125 co 
G 2 

v A - (Lcos30°)<y = 0.21651<w 
v B = (Lsin30°)<y = 0.125<y 



Use principle of conservation of energy to obtain the velocities when 0 - 90°: 
Use level A as the datum for potential energy. 

Position 1 0 — 0 


Ty= 0 

V, = -mg ^ = —(2)(9.81)(0.125) = -2.4525 J 
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PROBLEM 17.140 (Continued) 


Position 2 


0 = 90° 


T 2 = ^1 g O) + ~ r 71Vq 

= ^-(0.0104667)<y 2 + ^(2)(0.125<y) 2 
= 0.0208583&r 


V 2 = -mg 


R + ^cos/3 


= —(2)(9.81)(0.125 + 0.125cos 30°) 
= -4.5764 J 


T l+ V^T 2 +V 2 : 0-2.4525 = 0.0208583<y 2 -4.5764 

or = 101.826 rad 2 /s 2 
(0- 10.091 rad/s 
v A = (0.21651)(10.091) 

= 2.1848 m/s 
v G =(0.125)(10.091) 

= 1.2614 m/s 


More kinematics: For Point A moving in the curved slot, 


= ( fl c)*i + — J 

K 

, , . (2.1847) 2 . 

= (<v )i +-1 

c " 0.125 

= (a c ) x i + 38.1833j 


For the rod AB. a = ak, v B = v B j 

r A/B = -Lsin 30°i + Lcos 30°j 
= -0.125i +0.2165 lj 
_ 1 

r G/B ~ ~ r A/B 

= -0.0625i + 0.108253j 

a A = a B + a + r A/B ~ 0) r AIB 

= a B j + akx(-0.125i + 0.2165 lj) 

- (10.091) 2 (-0.1251 + 0.2165 lj) 

= a B j - 0.125aj - 0.2165 led + 12.7285i - 22.0468j 
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PROBLEM 17.140 (Continued) 


Matching vertical components of a A 


38.1833 = a B - 0.125 a - 22.0468 
a B = 0.125a + 60.2301 

a G = a B + a GIB 

= & B + X r GIB ~ ® r GIB 

= (0.125a + 60.2324) j + ak x (-0.0625i + 0.108253j) 


- (10.09 l) 2 (-0.0625i + 0.108253j) 


= 0.125aj + 60.230 lj - 0.0625aj - 0.108253ai 
+6.36431 — 11.0232j 

a G = (-0.108253a + 6.3643)i + (0.0625a + 49.2069)j 


Kinetics: Use rod AB as a free body. 

A 




+>M £ =Z(M £ ) eff : 

-mg y sin jBk - I G a + r c/E x (ma G ) 

—(2)(9.81)(0.125) sin 30°k 

= 0.0104667a + (0.0625i + 0.10825j) x (ma G ) 
-1.22625 = 0.0104667a + 0.03125a + 4.7730 
0.0417167a = -5.99925 

or = -143.808 rad/s 2 
a G =(-21.933 m/s 2 )i+ (40.2189 m/s 2 )j 


-±. HF X = E(F r ) eff = m(a G ) x : -B = (2)(-21.932) = 43.864 N B = 43.9 N —- ◄ 

+| XF y = Z(F V ) eff = m(a G ) y : A-mg = (2)(40.4289) = 80.4378 

A = (2)(9.81)+ 80.4378 = 100.058 A = 100.IN ◄ 

Check by considering 

(+IM G =IM GeB : (ZM c =(0.0625)A-0.1082535 = 1.5052 N-mJ) 

(H(M c ) efi =/ G (-a) = (0.0104667X143.808) = 1.5052 N m ) 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1945 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1946 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1947 





PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1948 





PROBLEM 17.142 

Two panels A and B are attached with hinges to a rectangular 
plate and held by a wire as shown. The plate and the panels 
are made of the same material and have the same thickness. 
The entire assembly is rotating with an angular velocity GOo 
when the wire breaks. Determine the angular velocity of the 
assembly after the panels have come to rest against the plate. 


SOLUTION 


Geometry and kinematics: 



Panels in up position 

v 0 = Im, 


3, A . 



r 

dt 



f* 

n 

c 

o 

Vw/ 


Panels in down position 



Let p - mass density, t = thickness 
Plate: 


Each panel: 

Panel in up position 


m piate = pt(2b)(4b) = 8>ptb 2 

T pUe =^(8ptb 2 )[(2b) 2 +(4b) 2 ] 

160 l4 

=- ptb 

12 

40 , 4 

- t p'» 

"Wi = pt(b)(2b) = 2 ptb 2 


(I vwA \=^(2ptb 2 ){2b) 2 

-—ptb 4 -—ptb 4 
12 3 
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PROBLEM 17.143 

Disks A and B are made of the same material and are of the same 
thickness; they can rotate freely about the vertical shaft. Disk B is at 
rest when it is dropped onto disk A, which is rotating with an angular 
velocity of 500 rpm. Knowing that disk A has a mass of 8 kg, determine 
(a) the final angular velocity of the disks, ( b ) the change is kinetic 
energy of the system. 
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PROBLEM 17.143 (Continued) 


(a) 

Final angular velocity of system: 0) 2 = (0.83505)(52.36) 

0) 2 = 43.723 rad/s 

(0 2 = 418 rpm 4 


Initial kinetic energy: 

h - 2 

7i = ^(0.09)(52.36) 2 = 123.37 J 



Final kinetic energy: 

T i ~ ~2 ^ a + 

T 2 = 1(0.10778)(43.723) 2 =103.02 J 


C b ) 

Change in energy: 

T 2 -T x = -20.35 J 

AT = -20.4 J ◄ 
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PROBLEM 17.144 

A square block of mass m is falling with a velocity Vj when it strikes a small 
obstruction at B. Knowing that the coefficient of restitution for the impact between 
corner A and the obstruction B is e — 0.5, determine immediately after the impact 
(a) the angular velocity of the block, (b) the velocity of its mass center G. 


B 
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PROBLEM 17.145 

A 3-kg bar AB is attached by a pin at D to a 4-kg square plate, which can rotate 
freely about a vertical axis. Knowing that the angular velocity of the plate is 
120 rpm when the bar is vertical, determine (a) the angular velocity of the 
plate after the bar has swung into a horizontal position and has come to rest 
against pin C, ( b ) the energy lost during the plastic impact at C. 


SOLUTION 

Moments of inertia about the vertical centroidal axis. 

Square plate. I = — ml} = j^-(4)(0.500) 2 = 0.083333 kg • m 2 

Bar AS vertical. / = approximately zero 

Bar AS horizontal. I = —ml} = — (3)(0.500) 2 = 0.0625 kg • m 2 

12 12 

Position 1. Bar AS is vertical. I x = 0.083333 kg • m 2 
Angular velocity. o\ —120 rpm = 4 n rad/s 

Angular momentum about the vertical axis. 

(. H 0 \ = l x o\ = (0.083333)(4^) = 1.04720 kg • m 2 /s 

Kinetic energy. 7j = i/^ 2 - i(0.083333)(4^) 2 = 6.5797 J 

Position 2. Bar AS is horizontal. I 2 = 0.145833 kg • m 2 

(H 0 ) 2 -I 2 (0 2 =0.145833<y 2 
Conservation of angular momentum. (H 0 ) x = (H Q ) 2 . 

1.04720 = 0.145833^ co 2 =7.1808 rad/s 


(a) 

Final angular velocity. 

co 2 - 68.6 rpm A 

(b) 

Loss of energy. 



T \ ~ T 2= r \ = 6.5797-^-(0.145833)(7.1808) 2 

T x -T 2 = 2.82 J ◄ 
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-8.5 ft- 


PROBLEM 17.146 

A 1.8-lb javelin DE impacts a 10-lb slender rod ABC with a horizontal 
velocity of Vo = 30 ft/s as shown. Knowing that the javelin becomes 
embedded into the end of the rod at Point C and does not penetrate very 
far into it, determine immediately after the impact (a) the angular velocity 
of the rod ABC after the impact, ( b ) the components of the reaction at B. 
Assume that the javelin and the rod move as a single body after the 
impact. 


SOLUTION 

Masses and moments of inertia. 


W 


AC 


1 AC 


g 32.2 ft/s' 


10 lb - = 0.31056 lb s 2 /ft 




L81b - = 0.05590 lb -s 2 /ft 


g 32.2 ft/s 2 
T ac = j^m AC L 2 AC = ^-(0.31056)(10) 2 = 2.5880 lb • s 2 • ft 

1 DE = m DE L 2 DE = ^-(0.05590)(8.5) 2 = 0.3365 lb • s 2 • ft 


(a) Angular velocity immediately after the impact. 
Principle of impulse and momentum. 

™de=™ab = ® = <0 




6 


Syst. Momenta i 

+") Moments about B: m L 

where 



+ Syst. Ext. Imp. i_> 2 

: V 0 r 0 + ® = ^AC <y+ m AC V AC r i + ^ DE ( ® + m DE V DE r 2 

v 0 = 30 ft/s r 0 —10 ft - 2 ft = 8 ft 
tj=5 ft-2 ft = 3 ft 

r 2 = 4.25 ft) 2 + (8 ft) 2 = 9.0588 ft 
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PROBLEM 17.146 (Continued) 


Kinematics: (Rotation about B) 


where 


v AC = i\co 

v DE = r 2 0 ) 

4 25 ft 

tan P = ———- p = 27 . 93 ° 

8 ft 

m DE v o f b = T AC O)+m AC r l 2 C0+ T de CO+ m DE r{ co 

= I B <o 

1b ~ 1AC + m AC r \ + IdE + m DE r 2 

= 2.5880 + (0.31056)(3) 2 + 0.3365 + (0.05590)(9.0588) 2 
= 10.3068 lb -s 2 - ft 

_ m DE v o r o _ (0.05590 lb • s 2 /ft)(30 ft/s)(8 ft) 
l B 10.3068 lb s 2 ft 

= 1.30167 rad/s 





(O — 1.302 rad/s 4 


Accelerations: 


a-a ) 

Had = V r \ a —* ] + [h^ 2 1 
Cl DE ~ [r 2 a^P] + [r 2 or\/ P\ 


Free body and kinetic diagrams. 




WoE r 4 ~ 1 AC a + m AC ( a AC )f 6 + 1 DE a + m DE ( a DE )t r 2 

— 2 — 2 
= I AC C/. + in AC >] a + 1 DE (X + >n DE r 2 OC 


— / B oc 


a - 


W DE r A _ (1.8 lb)(4.25) 


10.3068lb-s • ft 


= 0.74223 rad/s- 


a = 0.742 rad/s 2 X ) 
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PROBLEM 17.146 (Continued) 


(b) Components of reaction at B. 

YjF = 'Lma: 


B + [W AC ] + [W DE ] = [m AC r t a —] + [m^af ] + [m DE r 2 a + [m DE r 2 co 2 \/ (]\ 

Component + .: 

If = m AC r x a + m DE (r 2 cos /3)a + m DE (r 2 sin J3)ccr 

= (0.31056)(3)(0.74223) + (0.05590)(8)(0.74223) + (0.05590)(4.25)(1.30167) 2 
= 0.6915 +0.3319 + 0.4025 


=1.426 lb—◄ 

Component +|: 

By ~ W AC ~ W DC = m AC r x ar - m DE {r { sin /3)a + m DE (r 2 cos / 3)CO 2 

B y - 10-1.8 = (0.31056)(3)(1.30167) 2 - (0.05590)(4.25)(0.74223) + (0.05590)(8)(1.30167) 2 
B y =11.8 + 1.5785 — 0.1763 + 0.7577 


B v = 13.96 lb * ◄ 
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CHAPTER 18 








SOLUTION 


Angular velocity: 

co = <y 2 j + <W|k 

Moments of inertia: 

— 1 2T 1 9 — 1 9 

L.=—mr, I =—mr, I =—mr 
x 4 y 4 z 2 

Products of inertia: by symmetry, 

iw — I yz ~ h* ~ ^ 

Angular momentum: 

H c = T x o) x i + T y (o y j + T z 0) : k 


H G =O + —mr 2 C 02 j + -^-mr 2 (Ojk H c =— mr 2 ft^j + — mr 2 a\k A 
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SOLUTION 



h = yf (9 in.) 2 + (12 in.) 2 = 15 in. 
Resolving co along the principal axes x , y', z. 
12 

0 ) x ’ = — <y = 0-8(5 rad/s) = 4 rad/s 


(O’ = — co- 0.6(5 rad/s) = 3 rad/s 
v 15 

0) z =0 


Moments of inertia: 


From Eqs. (18.10): 


L 

4 ' 


i 

12 

1 

12 


45 lb V 9 V 
v 32.2 J v 12 \ 

f— 

[32.2 ){n J 


= 0.021836 slug-ft 2 


= 0.038820 slug-ft 2 


H x . = I X -(D X > = (0.021836)(4) = 0.087345 slug • ft 2 /s 
Hy = /ytyy = (0.038820)(3) = 0.11646 slug • ft 2 /s 
H z =I z a z = 0 

H c = (0.087345 slug • ft 2 /s)i'+ (0.11646 slug • ft 2 /s)j' 
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PROBLEM 18.3 


C 




Two uniform rods AB and CE, each of weight 3 lb and 

A £ 

fcj 

x 



length 2 ft, are welded to each other at their midpoints. 




D _ 

\ a 

Knowing that this assembly has an angular velocity of 
constant magnitude co= 12 rad/s, determine the magnitude 

* 




and direction of the angular momentum H/, of the assembly 



^9 in. 



about D. 

3 

in. 



n 






r>l 

o in. 



SOLUTION 




m = — = — = 0.093168 lbs 2 /ft, / = 2 ft, 

8 32.2 

(o = (12 rad/s )i 

For rod ADB , H D = I x oA ~ 0, since I x ~ 0. 

For rod CDE, use principal axes x, y as shown. 

cos# = —, # = 41.410° 

12 

6) x > = CO cos # = 9 rad/s 2 
co y ’ = cosinO = 7.93725 rad/s 2 

°>z' =0 

4—o 

Ty = y 2 m, 2 = ^ (0.093168)(2) 2 
= 0.0310559 lb s 2 ft 

H d = I x '0). x \' + IyCOyJ + L’COM' 

= 0 + (0.0310559X7.93725)1 + 0 
= 0.246498j' 

H D = 0.246 lb-s-ft ◄ 
H d = 0.246498(s in #i + cos #j) = 0.163045i + 0.184874j 


cos 6 X 


0.163045 

0.246498 


cos G y 


0.184874 

0.246498 


cos#, = 0 


G x = 48.6° ◄ 

G = 41.4° ◄ 

y 

e z = 90° ◄ 
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PROBLEM 18.5 

A thin disk of mass m — 4 kg rotates at the constant rate (0 2 = 15 rad/s 
with respect to arm ABC, which itself rotates at the constant rate 
0\ — 5 rad/s about the y axis. Determine the angular momentum of the 
disk about its center C. 
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PROBLEM 18.8 



A homogeneous disk of mass m and radius r is mounted on the vertical 
shaft AB. The normal to the disk at G forms an angle /j = 25° with 
the shaft. Knowing that the shaft has a constant angular velocity ox 
determine the angle 9 formed by the shaft AB and the angular 
momentum H c of the disk about its mass center G. 
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PROBLEM 18.9 

Determine the angular momentum H n of the disk of Problem 18.4 
about Point D. 

PROBLEM 18.4 A homogeneous disk of weight W - 6 lb rotates 
at the constant rate co x —16 rad/s with respect to arm ABC, which 
is welded to a shaft DCE rotating at the constant rate co 2 - 8 rad/s. 
Determine the angular momentum H ( of the disk about its center A. 


SOLUTION 


to = co 2 i + a\ j = (8 rad/s)i + (16 rad/s)j 
For axes x, y, z parallel to x, y, z with origin at A, 


W 6 , 

m = — = -= 0.186335 lb • s 2 /ft 

8 32.2 

^=i wr 2= i (0 - 186335) (]|] 

= 0.020704 lb • s 2 - ft 
J_, = T x , = 0.020704 lb • s 2 • ft, 

I y . = 7 X , + = 0.041408 lb • s 2 • ft 

H A = + ly'Gty'i + 7'MM 

= (0.020704)(8)i + (0.041408)(16)j 
= (0.1656 lb ft • s)i + (0.6625 lb • ft • s)j 

Point A is the mass center of the disk. 


= (1.0 ft)i + (0.75 ft)j - (0.75 ft)k 
v = y A ~ a> 2 ixr A/D 
= 8ix(1.0i + 0.75j-0.75k) 

= (6 ft/s)j + (6 ft/s)k 
nrv = (1.118 lb -s)j + (1.118 lb - s)k 


r A/D xmv = 


1.0 

0 


j 

0.75 

1.118 


k 

-0.75 

1.118 


= ( 1.677 lb • ft • s)i — (1 . 11 8 lb • ft • s)j + (1 . 11 8 lb • ft • s)k 
H u = n A +r A/D xmv 


H d = (1.843 lb • ft • s)i - (0.455 lb • ft • s)j + (1.118 lb - ft - s)k ◄ 
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PROBLEM 18.10 

Determine the angular momentum of the disk of Problem 18.5 about 
Point A. 

PROBLEM 18.5 A thin disk of mass m = 4 kg rotates at the constant 
rate 0) 2 = 15 rad/s with respect to arm ABC, which itself rotates at the 
constant rate a\ — 5 rad/s about the y axis. Determine the angular 
momentum of the disk about its center C. 


SOLUTION 

Angular velocity of disk: 

Centroidal moments of inertia: 


r = 150 in. 


to — + ah k = (5 rad/s)j + (15 rad/s)k 



= ^ (4X0.150 m) 2 = 0.0225 kg • m 2 
I,' = -mr 2 = 0.045 kg • m 2 



Angular momentum about Point C . 

H C = T x 'CO/\ + TyO)y j + IyCOyk 
= 0 + (0.0225X5) j + (0.045X15)k 
= (0.1125 kg • m 2 /s) j + (0.6750 kg • m 2 /s)k 

Location of mass center . r CIA = (0.450 m)i + (0.225 m)j 

Velocity of mass center . v = cOj xr CH = 5jx(0.45i + 0.225j) 

= -(2.25 m/s)k 


Angular momentum about Point A . 

Ha = H c + r aA x (m\) 

H A = 0.1125 j + 0.675k + (0.45i + 0.225j) x [—(4)(2.25)k] 

= 0.1125 j + 0.675k + 4.05j - 2.025i 

H a = -(2.03 kg • m 2 /s)i + (4.16 kg • m 2 /s)j + (0.675 kg • m 2 /s)k 4 
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PROBLEM 18.11 

Determine the angular momentum H 0 of the disk of Sample Problem 18.2 
from the expressions obtained for its linear momentum nfv and its 
angular momentum H c using Eq. (18.11). Verify that the result obtained is 
the same as that obtained by direct computation. 


PROBLEM 18.2 A homogeneous disk of radius r and mass m is 
mounted on an axle OG of length L and negligible mass. The axle is 
pivoted at the fixed Point O, and the disk is constrained to roll on a 
horizontal floor. Knowing that the disk rotates counterclockwise at the 
rate (D\ about the axle OG, determine (a) the angular velocity of the disk, 
(b) its angular momentum about O, (c) its kinetic energy, (d) the vector 
and couple at G equivalent to the momenta of the particles of the disk. 


SOLUTION 


Using Equation (18.11), 


H 0 = rxmv + H c 


1 , 

= (Li) x (mra\k) + —mra\ 

V. I -J 

| <N 

1 

^ - ' 

. . 1 , . 1 r 3 . 

= -rnrLO) u \ + — mr~0\i — —m—0 \j 

1 , ( , 1 

H n = —mr c&i — ml L” H — r 

2 l 4 

(t> 

which is the answer obtained in Part b of Sample Problem 18.2. 
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PROBLEM 18.12 



The 100-kg projectile shown has a radius of gyration of 100 mm 
about its axis of symmetry Gx and a radius of gyration of 250 mm 
about the transverse axis Gy. Its angular velocity CO can be resolved 
into two components; one component, directed along Gx, measures 
the rate of spin of the projectile, while the other component, directed 
along GO, measures its rate of precession. Knowing that 6 = 6° and 
that the angular momentum of the projectile about its mass center G is 
H g = (500 g m 2 /s)i — (10 g-m 2 /s)j, determine (a) the rate of spin, 
( b ) the rate of precession. 


SOLUTION 


(a) Rate of spin. 


(b) Rate of precession. 


m = 100 kg, k x =100 mm = 0.1 m, k v = 250 mm = 0.25 m 
J x = mk; = (100)(0.1) 2 = 1 kgm 2 
I y =T z = tnk y = (100)(0.25) 2 = 6.25 kg -m 2 


H c - (H G ) x i + (H G )J + (H G ) z k - I x co x i +1 y co y S +1 z coM 
(H a ) x _ 0.500 kg-m 2 /s 


co , 


co „ 


4 1 kgm' 

(H c ) y _ -0.01kg-m 2 /s 
I y 6.25 kg -m 2 


- = 0.5 rad/s 


= -0.0016 rad/s 


co z=° 


co P sin 0 - -co x 



-0)y 0.0016 


sin 6 sin 6° 


= 0.015307 rad/s 


co x — co s +co P co?,Q 
co s = co x - cOp cos 9 
= 0.5 -0.15307 cos 6° 

= 0.4847 co s = 0.485 rad/s ◄ 

COp = 0.01531 rad/s -4 
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PROBLEM 18.13 


Determine the angular momentum H \ of the projectile of Problem 18.12 
about the center A of its base, knowing that its mass center G has a 
velocity v of 750 m/s. Give your answer in terms of components 
respectively parallel to the x and y axes shown and to a third axis z 
pointing toward you. 

PROBLEM 18.12 The 100-kg projectile shown has a radius of gyration 
of 100 mm about its axis of symmetry Gx and a radius of gyration of 
250 mm about the transverse axis Gy. Its angular velocity CO can be 
resolved into two components; one component, directed along Gx, 
measures the rate of spin of the projectile, while the other component, 
directed along GD, measures its rate of precession. Knowing that 
6 - 6° and that the angular momentum of the projectile about its mass 
center G is H c = (500 g m’/s)i — (10 g • m 2 /s)j, determine (a) the rate 
of spin, ( b ) the rate of precession. 
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PROBLEM 18.14 


(a) Show that the angular momentum H B of a rigid body about Point B can be obtained by adding to the 
angular momentum H A of that body about Point A the vector product of the vector r A/B drawn from B to A and 
the linear momentum my of the body: 

H /, = h a + L /« X '»' 7 

( b ) Further show that when a rigid body rotates about a fixed axis, its angular momentum is the same about 
any two Points A and B located on the fixed axis (H A = H /( ) if, and only if, the mass center G of the body is 
located on the fixed axis. 

SOLUTION 

(a) Angular momenta H ( and H,, are related to H c and my by 

H a = r G/A x my + H c and H /; = r G/B x my + H c 

Subtracting, H B - H ( = r G/B x my - r G/A x my 

= H a + ( r GIB ~ t gia ) x ,HV 

= H A+( r G/B +r A/G) Xm V 

h b =H A +r m x mv 

( b ) It follows that H A = Hif, and only if 

r A/ B x my = 0 

With Points A and B located on the fixed axis, 

co= oJk 

where X is a unit vector along the fixed axis, and 

v = cox r G/A = cokx r G/A 

Then r A/B x (mcdk x r GM ) = 0 

but r 1//; is parallel to X, hence, 

Xx(Xxr G/A ) = 0 

Let u = Xxr GIA , so that X,xu = 0. 

Note that u must be either perpendicular to X or equal to zero. But if u is perpendicular 
to A,, X x u cannot be equal to zero. 

Hence, u = X x r G/A = 0 

r c/A i s parallel to X and Point G lies on the fixed axis. 
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PROBLEM 18.15 


A 5-kg rod of uniform cross section is used to form 
the shaft shown. Knowing that the shaft rotates with 
a constant angular velocity to of magnitude 12 rad/s, 
determine (a) the angular momentum H G of the 
shaft about its mass center G, (b) the angle formed 
by H g and the axis AH. 
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SOLUTION 


[T O, p 


A D| 
a 


et 

G 

ft CL Q 


Q, 

cl 



U ! 


L 



T4- 


4 = (4) 


— m'a 2 | + ( 2){m'a 2 ) 

v3 


4, = o 


= (12 rad/s)i, <w v - co ; - 0, m = 5 kg 

(^g), = 4® 

(^c)y = “4y® 

(// G ) z 

The shaft is comprised of 8 sections, each of length 

jYi 

a = 0.25 m and of mass m — — = 0.625 kg. 

8 

y m'a 2 = y(0.625)(0.25) 2 = 0.130208 kg-m 2 


I xz = (4r)\ma^ J = 2 m'a 2 = (2)(0.625)(0.25) 2 = 0.078125 kg-m 2 
(H g ) x = (0.130208X12) = 1.5625 kg-m 2 /s 

(H G )y = o 

(H g ) z = -(0.078125)(12) = -0.9375 kg-m 2 /s 
H g = (1.5625 kg-m 2 /s)i - (0.9375 kg-m 2 /s)k 


Since Point G lies on the axis of rotation, its velocity is zero. 

v = v G = 0 


(a) 

H 

(b) 

H 


- H g + r GM x mv - H g 
= H g + r G/B x mv = H g 


H a = (1.563 kg -m 2 /s)i 
H s - (1.563 kg-m 2 /s)i 


- (0.938 kg-m 2 /s)k A 
(0.938 kg-m 2 /s)k4 
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PROBLEM 18.17 

Two L-shaped arms, each weighing 4 lb, are welded at the third 
points of the 2-ft shaft AB. Knowing that shaft A B rotates at the 
constant rate co = 240 rpm, determine (a) the angular momentum of 
the body about A, ( b ) the angle formed by the angular momentum 
and shaft AB. 


SOLUTION 


W = 41b, m = —© = 0.12422 lb • s 2 /ft, a = 8 in. = 0.66667 ft 
32.2 

co = (A^^O) - g^ ra( j/ s (q — o co = 0 co l = 8;r rad/s 
60 y 

Use parallel axes x, y, z with origin at Point A as shown. 

(# A' = A'A 

(H A ) y ’=-I /z 'CO 
(H a ), = I z ,co 


CO 



e 


Segments 1, 2, 3, and 4, each of mass m = 0.06211 lb • s 2 /ft, contribute to 7 v y, I > z >, and /_■. 


Part 

h’z’ 

7 vV 

c 

CD 

2 m'ci~ 

/ 2 
—m a 

( — + — + l\m'a 2 

U2 4 J 

© 

/ 2 
m a 

0 

1 / 2 

— m a 

3 

© 

1 / 2 

- m a 

2 

0 

1 / 2 

— m a 

3 

© 

— m'a 2 

1 / 2 

- m a 

2 

f-1- \-\\m'a 2 

U2 4 J 


3 , 2 

3 , 2 

10 , 2 

X 

— m a 

— m a 

—m a 


2 

2 

3 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1980 





PROBLEM 18.17 (Continued) 

(a) Angular momentum about A . 

3 T 

(H a )./ = = --m'aco 

= -|(0.0621 1)(0.66667) 2 (8^t) 

= -1.04067 lb - s - ft 

(H A ) y ' = -I yY a)=-{-^ma 2 \o 

= | (0.062 ll)(0.66667) 2 (8;r) 

= 1.04067 lb - ft - s 

(H a ) z ' - L'CO=^-ma 2 co 

= ~ (0.06211)(0.66667) 2 (8tt) 

= 2.3126 lb - ft - s 

H a =-(1.041 lb - ft • s)i + (1.041 lb • ft - s)j + (2.31 lb • ft • s)k ◄ 

H a = n /( 1.04067) 2 + (1.04067) 2 + (2.3126) 2 = 2.7412 lb-ft s 

( b ) Angle formed by H A and shaft AB. 

Unit vector along shaft AB: A. = -k 

cos# = jLllA - ~ 2 - 312 ^ _ -o 84365 6> = 147.5° ◄ 

H a 2.7412 
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PROBLEM 18.18 

For the body of Problem 18.17, determine (a) the angular 
momentum about B, (b) the angle formed by the angular 
momentum about shaft BA. 


SOLUTION 


IF =4 lb. m = —© = 0.12422 lb - s 2 /ft 
32.2 

a — 8 in. = 0.66667 ft 
(2/r)(240) 

co =-= 8;r rad/s, co r = 0, co v =0, co_ — 8;r rad/s 

- r y 


Use parallel axes x, y, z with origin at Point B as shown. 

( H b)x= -hz® 

(Hg) y =~I yz CO 
(H b ) z =I z co 



Segments 1, 2, 3, and 4, each of mass in' = 0.06211 lb • s 2 /ft, contribute to I x ,, I , and /_. 


Part 

4 


h 

CD 

/ 2 
—m a 

1 / 2 
— in a 

2 

f-1-h \ \m a 1 

U2 4 J 

© 

1 / 2 
— m a 

2 

0 

1 ' 2 
—in a 

3 

© 

m'a 2 

0 

1 / 2 
—m a 

3 

© 

2ma 2 

in'a 2 

f — + —+1 \n'a 2 

U2 4 J 


3 , 2 

3 , 2 

10 , 2 

X 

— m a 

— m a 

—m a 


2 

2 

3 
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PROBLEM 18.18 (Continued) 

(i a ) Angular momentum about B . 

( h b)x=- I xz 0}= ^ ~ m 'a 2 (0 

= -^-(0.06211)(0.66667) 2 (8/r) 

--1.04067 lb - s - ft 

3 

(H B ) y =-I yz 6)=-—m'a 2 co 

= -|(0.06211)(0.66667) 2 (8tt) 

= -1.04067 lb • s • ft 

(H b ), =I z co=^-rria 2 CQ 

= y (0.06211)(0.66667) 2 (8^r) 

= 2.3126 lb ■ s • ft 

H b = —(1.041 lb • ft - s)i — (1.041 lb • ft • s)j + (2.31 lb - ft • s)k A 

H B = ^/(l.04067) 2 + (1.04067) 2 + (2.3126) 2 = 2.7412 lb-ft-s 
(b) Angle formed by H /; and shaft BA. 

Unit vector along shaft BA: ^. = k 

cosB = ^ = ^^ = 0.84365 B = 32.5°4 

H B 2.7412 
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PROBLEM 18.19 

The triangular plate shown has a mass of 7.5 kg and is welded to a vertical 
shaft AB. Knowing that the plate rotates at the constant rate co-12 rad/s, 
determine its angular momentum about ( a ) Point C, (b) Point A. (Hint: To solve 
part b find v and use the property indicated in part a of Problem 18.14.) 
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PROBLEM 18.20 



160 mm 


The triangular plate shown has a mass of 7.5 kg and is welded to a vertical shaft 
AB. Knowing that the plate rotates at the constant rate co-12 rad/s, determine its 
angular momentum about (a) Point C, ( b ) Point B. (See hint of Problem 18.19.) 
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PROBLEM 18.21 



One of the sculptures displayed on a university campus consists of a 
hollow cube made of six aluminum sheets, each 1.5 x 1.5 m, welded 
together and reinforced with internal braces of negligible weight. The 
cube is mounted on a fixed base at A and can rotate freely about its 
vertical diagonal AB. As she passes by this display on the way to a class 
in mechanics, an engineering student grabs corner C of the cube and 
pushes it for 1.2 s in a direction perpendicular to the plane ABC with an 
average force of 50 N. Having observed that it takes 5 s for the cube to 
complete one full revolution, she flips out her calculator and proceeds 
to determine the mass of the cube. What is the result of her calculation? 
(Hint: The perpendicular distance from the diagonal joining two vertices 
of a cube to any of its ot her six vertices can be obtained by multiplying 
the side of the cube by V2/3.) 


SOLUTION 

Let m = be the mass of one side of the cube. Choose x, y, and z axes perpendicular to the face of the 
cube. Let a be the side of the cube. 

For a side perpendicular to the x axis, (I x \ = j-m'a 2 . 


For a side perpendicular to the y or z axis, 


Total moment of inertia: 


By symmetry, / = I x and / = I x 


(4)2 


/ 2 


/ 2 


1 1 

-1— I ma" = —ma 

12 4 


4 = 2 (4 )i + 4 (4 >2 = | m '« 2 = 


Since all three moments of inertia are equal, the ellipsoid of inertia is a sphere. All centroidal axes are 
principal axes. 


Moment of inertia about the vertical axis: 


, 5 2 

/ =—ma 
v 18 

Let b = a be the moment arm of the impulse applied to the corner. 

Using the impulse-momentum principle and taking moments about the vertical axis, 

5 ? 

bF(At) = H v = I v CO = — ma~C0 
v 18 


( 1 ) 


Data: 


a = 1.5 m, b — J—(1.5) = 1.22474 m 


2k 


Solving Equation (1) for m, 


co = — = 1.25664 rad/s, F = 50 N, Ar = 1.2 s. 

5 

18 bF(At) 18 (1.22474)(50)(1.2) n , , 

m = -r-=-r-= 93.563 kg 

5 a 2 co 5 (1.5r (1.25664) 


93.6 kg ◄ 
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PROBLEM 18.22 

If the aluminum cube of Problem 18.21 were replaced by a cube 
of the same size, made of six plywood sheets with mass 8 kg 
each, how long would it take for that cube to complete one full 
revolution if the student pushed its corner C in the same way 
that she pushed the corner of the aluminum cube? 


SOLUTION 

Let in' = j-m be the mass of one side of the cube. Choose x, y, and z axes perpendicular to the face of the 
cube. Let a be the side of the cube. 


For a side perpendicular to the x axis, (I x ) 1 = jrm'a 2 . 


For a side perpendicular to the y or z axis, 


Total moment of inertia: 


(4)2 = 


' 10,2 1,2 

- 1 — m a =—ma 

v 12 4 ) 3 


4 = 2(4)i + 4 (4) 2 =|mV=^ma 2 


By symmetry, I =I X and /, = / t . 

Since all three moments of inertia are equal, the ellipsoid of inertia is a sphere. All centroidal axes 
are principal axes. 

5 2 

Moment of inertia about the vertical axis: /„ = — ma 

’ 18 

Let b = f\a be the moment arm of the impulse applied to the corner. 

Using the impulse-momentum principle and taking moments about the vertical axis, 

5 9 

bF(At) = H v = l v 00 = — ma~CO 
18 


Data: 


Solving (1) for co, 


in' = 8 kg, m = 6m = 48 kg, n = 1.5 m, 


b = A—a = 1.22474 m, F = 50 N, At = 1.2 s 

3 


« = WXAO = 18 (1.22474X50X1.2) = 2 _ 4495 rad/s 


ma 


In 


(48)(1.5) 
2 n 


( 1 ) 


co 2.4495 


t = 2.57 s ◄ 
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PROBLEM 18.23 

A uniform rod of total mass m is bent into the shape shown and is suspended by a 
wire attached at B. The bent rod is hit at D in a direction perpendicular to the 
plane containing the rod (in the negative z direction). Denoting the corresponding 
impulse by FA t, determine (a) the velocity of the mass center of the rod, (b) the 
angular velocity of the rod. 


SOLUTION 

We apply the principle of impulse and momentum, considering only the impulsive forces. 


A 






(a) Velocity of mass cen ter 
From constraints: 

+ » x components: 

+| y components: 

+fz components: 


v v =0 


0 = mv„ 


TAt — mv y = 0 


v t = 0 
TAt-0 


-FAt = mv. 


F At 


(b) Angular velocity 

Equating moments about G: 

(-ai - a j)x(-FArk) = H x i + HJ + H,k 
aFAti - aFAtj = H x i + H j + H z k 


v =-k ◄ 
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Thus: 


PROBLEM 18.23 (Continued) 


H x = aF At, H v = -aF At, H, =0 


To determine angular velocity, we shall use Eqs. (18.7). 
First, we determine the moments & products of inertia : 


I x = — 

x 12 


m E_ , 2 , m 2 , m 2 2 2 


7 v = 2 


— m 


— (la) H- (2 H- a ——772 

2)4 4 3 


' m ' 
\A J 


1 2 

: — ma 

6 


A=0 


a . , m 
— ( a ) H— 
2 4 




a | 1 2 

-(—n)=H —ma 

2 4 


We substitute the expressions (1) through (5) into Eqs. (18.7): 

2 2 1 2 , 


aF At - —ma 00, - ma (0, +0 

3 4 v 

It It 

-aFAt =—ma oo, H —ma oo„ + 0 
4 6 3 


0 = 0 + 0 + /.<y ; . 

Multiplying Eq. (7) by 3/2 and adding to Eq. (6): 

1 A 7 2 

- aFAt-—ma CO, CO, 

2 24 


12 FAt 
7 ma 


Substituting for CO into (7): 


—aFAt + - 


f 

K~ J 


1 

aFAt = —mcCCO,, CO, - ■ 

6 ' ' 


60 FAt 
7 ma 


From Eq. (8): 


r z 0J z = 0 


(1) 


(2) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 


Thus: 


12 FAt r ■ ^ 

« = —-H-5j) ◄ 

/ ma 
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y\ 


PROBLEM 18.24 



Solve Problem 18.23, assuming that the bent rod is hit at C. 

B, 


PROBLEM 18.23 A uniform rod of total mass m is bent into the shape shown and is 

A ' 

suspended by a wire attached at B. The bent rod is hit at D i n a direction 



perpendicular to the plane containing the rod (in the negative z direction). Denoting 


--T 2 

a the corresponding impulse by FAt, determine (a) the velocity of the mass center of 

n < - 

n ’ 

the rod, ( b) the angular velocity of the rod. 

L/ ^ j' Kj 


SOLUTION 


We apply the principle of impulse and momentum, consider only impulsive forces. 


(a) 



Velocity of mass cen ter 
From constraints: 

+ . x components: 

+| y components: 

+fz components: 


v y =0 
0 = mv x 
T At — mv y = 0 


-F At = mv. 


v v =0 

TAt-0 

F At 


( b ) Angular velocity 

Equating moments about G: 

-a j x (-FAt k) = H x i + H y j + H z k 
aF At i = H x i + H y j + HM 

Thus: H x = aFAt, H y = 0, H,= 0 


- FAt v 
v =-k ◄ 


( 1 ) 
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PROBLEM 18.24 (Continued) 


To determine angular velocity, we shall use Eqs. (18.7) first, we determine the moments & products of 
inertia: 


I x = — 

x 12 


mV. ,9 m o m o 2 7 

— (2 a) +—a~ +—a =—ma 
2 4 4 3 


*y= 2 


1 ( m ^\ 2 

3 v 4 J 


1 2 

= — ma 

6 


7 m 


a I. . m 
— (u)h — 
2F 4 


0 ). \ 1 2 

(-a) = H —ma 
2 4 


I*= 0 Iy Z = 0 


2 1 

aFAf = —ma 1 co Y — ma l oi, +0 
3 4 y 

1 2 1 2 

0 =- ma CO r + —ma CO. + 0 

4 * 6 


0 = 0 + 0 + /.<y. 

Multiplying Eq. (7) by 3/2 and adding to Eq. (6): 


aFAt = 


Substituting for co x into (7): 


2_3^ 
v 3 8y 


2 

ma"co , 


ru. =- 


24 FAt 
7 


3 3 24 ri 36 FAr 

a =—oj r = - aFAt, a>= - 

•' 2 1 2 7 y 1 ma 


r z 0J z = °> ^ = 0 


(2) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

(B) 


From Eq. (8): 

Thus: 

Note that co y ■£ 0, even though Point C where impulse is applied is on the y axis. 


to 


12 FAt 
7 ma 


(2i + 3j) ◄ 
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PROBLEM 18.25 

Three slender rods, each of mass m and length 2a, are welded 
together to form the assembly shown. The assembly is hit at A in a 
vertical downward direction. Denoting the corresponding impulse 
by F At, determine immediately after the impact (a) the velocity of 
the mass center G, ( b ) the angular velocity of the rod. 
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PROBLEM 18.25 (Continued) 


( b ) Angular velocity . 

Equate moments about G: 


(ai + ak)x (-FAt)j - H x \ + H Y j + H,k 
-(flFAr)k + (aFSt)\ = H x i + H y j + H, k 


Thus, 


G = «FAt, H v = 0, H, = -aFAt 


(2) 


Since the three products of inertia are zero, the x, y, and z axes are principal centroidal axes and we can 
use Eqs. (18.10). Substituting from Eqs. (1) and (2) into these equations, we have 


H , = 1(0 ,: aFAt — —ma~co r co r — 3FAt/8ma 
3 


X X X 


H v = I v co v : 0 = —ma co v co v = 0 

y y y ^ y y 

_ 2 

H —1(0'. —aFAt — — ma 1 co — — 3F AtHma 

z z z ^ z 


(3) 

(4) 

(5) 


Therefore, 


to = (3FAt/Sma)(i - 4k) 4 
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PROBLEM 18.26 

Solve Problem 18.25, assuming that the assembly is hit at B in a 
direction opposite to that of the x axis. 

PROBLEM 18.25 Three slender rods, each of mass m and length 2a, 
are welded together to form the assembly shown. The assembly is hit 
at A in a vertical downward direction. Denoting the corresponding 
impulse by F At, determine immediately after the impact (a) the 
velocity of the mass center G, ( b ) the angular velocity of the rod. 
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PROBLEM 18.26 (Continued) 


( b ) Angular velocity . 

Equate moments about G: 

(aj - ak)x(-FA/)i = H x i + H y j + // z k 

(aFAr)k + (aFA/)j = H x i + // v j + /Fk 


Thus, 


// =0, // = aFAt, H, = aFAf 


( 2 ) 


Since the three products of inertia are zero, the x, y, and z axes are principal centroidal axes and we can 
use Eqs. (18.10). Substituting from Eqs. (1) and (2) into these equations, we have 




H y = lyCOy \ 




0 = -ma 0 J r co= 0 
3 


aFAt — —nuco) v 0), — 3FAt/8ma 

3 y y 


aFAt — —ma~(0_ (0. — 3 F At/2 ma 

3 


(3) 

(4) 

(5) 


Therefore, 


co = (3FAf/8mfl)(j + 4k) M 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


1997 




180 mm 



PROBLEM 18.27 

Two circular plates, each of mass 4 kg, are rigidly connected by 
a rod AB of negligible mass and are suspended from Point A as 
shown. Knowing that an impulse F At = -(2.4 N s)k is applied 
at Point D, determine (a) the velocity of the mass center G of the 
assembly, (b) the angular velocity of the assembly. 


180 mm 


SOLUTION 


Moments and products of inertia: 


/, = 21 — mr 2 + mb' 
4 


—(4)(0.18) 2 + (4)(0.15) 2 


: 0.2448 kg • m 2 


I =2| —mr 2 +mr z I = 3mr z - (3)(4)(0.18)“ = 0.3888 kg • m" 


4 = 2 


— mr 2 + m(b 2 + r 2 ) 


—(4)(0.18) 2 + (4)(0.15 2 + 0.18 2 ) | = 0.504 kg • m 2 


I xv = mb(—r) + m(—b)(r) = -2 mbr = —(2)(4)(0.15)(0.18) = -0.216 kg • m 2 
I xz = 0, /, = 0, total mass = 2m 

Constraint of cable: ( v c ) y =0 v = v G 

Principle of impulse-momentum: 2 my = 0, H c = 0 initially. 


y 
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PROBLEM 18.27 (Continued) 

(i a ) Direct components: 

FAf = 2m\ 

0 = 2 mv x v x = 0 
T At = 2 mv y = 0 

-FAt = 2 mv 7 

FAt 2 4 

v. =-=-= -0.3 m/s v = -(0.300 m/s)k A 

z 2m (2)(4) 

( b ) Moments about G . (Fj - ri)x(-FAfk) = H G 

-hF(At )i - rFAtj = (I x co x - l xy co y )i + (~I xy co x + )j + I. coM 

Resolve into components and apply the numerical data. 

i: -(0.15)(2.4) = 0.2448<a c -(-0.216)ffl y (1) 

j: -(0.18)(2.4) = -(-0.216)^ + 0.3888^ (2) 

k: 0 = 0.504<y. co z = 0 

Solving Eqs. (1) and (2), co x = -0.962 rad/s, 0) Y = -0.577 rad/s 

CO = -(0.962 rad/s)i - (0.577 rad/s)j A 
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PROBLEM 18.28 (Continued) 


(i a ) Direct components: 


F(At) + TAt = 2 mv y = 0 


FA/ = 2 m\ 

0 = 2 mv x v x = 0 
_ F(At) + T(At) 


v y = " 


2 m 


0 = 2mv ; v. = 0 


Point A moves upward. The cord becomes slack. T(At) = 0 

2.4 


v v =- 


= 0.300 m/s 


v = (0.300 m/s)j ◄ 


( b ) Moments about G . 


y (2)(4) 

(bj-ri)x(-FA/j) = H G 
-rF(At)\ - rF(At)k = (I x co x - I xy CO y )i + (~I xy O) x + I y (O y )j + F(O z k 
Resolve into components and apply the numerical data. 

i: -(0.18X2.4) = 0.2448<y t -(-0.216)<y v (1) 

j: 0 = -(-0.216)<y t +0.3888^ v (2) 


k: -(0.18)(2.4) = 0.504 co z co : = -0.857 rad/s 


Solving Eqs. (1) and (2), 


co x = -3.46 rad/s, co y = -1.923 rad/s 

CO = -(3.46 rad/s)i + (1.923 rad/s)j - (0.857 rad/s)k -4 
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V 0 

y 

PROBLEM 18.29 


A circular plate of mass m is falling with a velocity v 0 and no angular 


\c velocity when its edge C strikes an obstruction. Assuming the impact to 


be perfectly plastic (e = 0), determine the angular velocity of the plate 


immediately after the impact. 
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PROBLEM 18.31 

A square plate of side a and mass m supported by a ball-and-socket 
joint at A is rotating about the y axis with a constant angular 
velocity co = a > 0 j when an obstruction is suddenly introduced at B 
in the xy plane. Assuming the impact at B to be perfectly plastic 
(e = 0), determine immediately after impact (a) the angular velocity 
of the plate, (b) the velocity of its mass center G. 


SOLUTION 

For the x and y axes shown, the initial angular velocity (O 0 j has components 

yfl 

%=—"()> °>y'=—°> 0 ’ 

Initial angular momentum about the mass center: 


1 2 V2 


(H c ) 0 = 1,6J x A’+I y ,C0j = -ma + j') 


\ 

■s 



6 


Initial velocity of the mass center: v 0 = 0 

Let ft) be the angular velocity and v be the velocity of the mass center immediately after impact. 
Let (FA/jk be the impulse at B. 

Kinematics: \ B = ft>xr /JM = (co/\ + 0 )-\ + x (-a]') 

\ B = a(co,\' + CO x \i) 

Since the corner B does not rebound, (v B ),- -0 or 0) x > = 0 


v = coxr G/A = (6J,]+0J z ,k')x(^a |(-i'-j') 


1 


u 


= -a(ojA’ - ox : S + ojX) 


Also, 


r c/A x my ~ ~ ma2 ( - (0 <A + <x>A' + 2ry.'k') 


y y 


and 


H c = I x '0) x A' + 1 .co -j' + ls(oM = —ma 2 Q)A'+-ma 1 CD z k' 


12 6 
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PROBLEM 18.32 

Determine the impulse exerted on the plate of Problem 18.31 during 
the impact by (a) the obstruction at 5, (b) the support at A. 

PROBLEM 18.31 A square plate of side a and mass m supported 
by a ball-and-socket joint at A is rotating about the y axis with a 
constant angular velocity oo = co 0 j when an obstruction is suddenly 
introduced at B in the xy plane. Assuming the impact at B to be 
perfectly plastic (e = 0), determine immediately after impact (a) the 
angular velocity of the plate, (b) the velocity of its mass center G. 


SOLUTION 

For the simpler x' and y axes, the initial angular velocity co 0 j has components 




CO■ =- 0),, 




2 y 2 

Initial angular momentum about the mass center: 


1 



(H c ) 0 = I y(°/ + h' 0J y’S' = — ma — <y 0 (i' + j') 

Initial velocity of the mass center: v 0 = 0 

Let ft) be the angular velocity and v be the velocity of the mass center immediately after impact. 
Let (FAf)k be the impulse at B. 

Kinematics: x B = coxr B/A = (coa' + + COM') x (-aj) 

v B = a(0XA + co x k') 

Since the corner B does not rebound, (v H )_, -0 or oo x ’ = 0 

v = coxr c/A = (co/] + coX) x(^a)(-i- j') 


1 


u 


Also, 

and 


= —a(co z \' - co z j + co y k') 
r G/ A x mx = — ma 2 (-CO.A' + co y ] + 2coM) 

H c = I x -co x \' + l v coA' + TyCoM' 


V G ' x '"x ‘ 1 i )> vv y. 

1 2 1 2 i / 

= —ma C0'\ H— ma COM. 

i V * s- Z 


12 y " 6 


8 
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PROBLEM 18.32 (Continued) 


Principle of impulse-momentum . 

13 



+- 




Moments about A: 


Resolve into components. 


(H a ) 0 + (-rzj')x (FAt)k = H a 
(H g ) 0 + r G/A x m\ 0 + aF A/i' = H c + r c/A x m\ 


i'\ — V2i 
24 


ma ’(Oq — aF(At) = ——ma 2 ao y > 


-1^2« 


2 1 2 1 2 

j : — \j lma o\. -—ma 0J- H— ma CO - 0)., 

24 0 12 '4 




k': 0 = —ma 2 a>,- +—ma 2 (Os co^-Q 
6 2 z " 


(a) FromEq. (1), 


117 

FAf = —%/2 maCOr. + — sj2ma(O n — — ~j2maC0 n 
24 0 32 0 96 ^ 


(1) 


(FA/)k = 0.103 bnaco^k A 


v = -flfflk' =— y[2aa>ok' 
2 v 16 0 


Linear momentum: 


m\ n + A At + FAfk = m\ 


0 + A At + — \f2ma(0,k' = — Jlmaoxk' 
96 ^ 16 0 

AAt = — — \[2 macOn. 

96 0 


, 1 


(b) 


AAt — -0.01473/«nm n k A 
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PROBLEM 18.33 


The coordinate axes shown represent the principal centroidal axes of inertia of a 3000-lb space probe whose radii 
of gyration are k x = 1.375 ft, k =1.425 ft, and k, =1.250 ft. The probe has no angular velocity when a 5-oz 
meteorite strikes one of its solar panels at Point A with a velocity v 0 = (2400 ft/s)i - (3000 ft/s)j + (3200 ft/s)k 
relative to the probe. Knowing that the meteorite emerges on the other side of the panel with no change in the 
direction of its velocity, but with a speed reduced by 20 percent, determine the final angular velocity of the 
probe. 



SOLUTION 

Masses: Space probe: m = ^222. = 93.17 lb • s 2 /ft 

32.2 

5 ^ 

Meteorite: m =-= 0.009705 lb • s“/ft 

(16X32.2) 

Point of impact: r A = (9 ft)i + (0.75 ft)k 

Initial linear momentum of the meteorite, (lb • s): 




■■ (0.009705)(2400i + 3000j + 3200k) = 23.292i - 29.115 j + 31.056k 


Its moment about the origin, (lb • ft • s): 


9 

23.292 


j k 

0 0.75 

-29.115 31.056 


= 21,836i - 262.04j - 262.04k 


Final linear momentum of meteorite and its moment about the origin, (lb s) and (lb • s • ft): 
0.8 mv 0 = 18.634i - 23.292j + 24.845k 
r A x (0.8mv 0 ) = 17.469i - 209.63j - 209.63k 
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PROBLEM 18.33 (Continued) 


Let H 4 be the angular momentum of the probe and m be its mass. Conservation of angular momentum 
about the origin for a system of particles consisting of the probe plus the meteorite: 

r A x mv 0 = H A + r A x (0.8mv 0 ) 


H a = (4.367 lb • s • ft)i - (52.41 lb • s • ft)j - (52.41 lb • s • ft)k 


I x o x =(H a ) x 


l y co y = ( H A ) y 

I z co z =(H a ) z 


co r - 


(H A ) x 


4.367 


m'k x (93.17X1.375) 2 


= 0.02479 rad/s 


(H A ) y 


-52.41 


m'ky (93.17)(1.425) 2 
_ -52.41 

" m’k] (93.17)(1.250) 2 


= -0.2770 rad/s 


= -0.3600 rad/s 


CO = (0.0248 rad/s)i - (0.277 rad/s)j - (0.360 rad/s)k 4 
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PROBLEM 18.34 

The coordinate axes shown represent the principal centroidal axes of inertia of a 3000-lb space probe whose 
radii of gyration are k x =1.375 ft, k =1.425 ft, and k, = 1.250 ft. The probe has no angular velocity when a 
5-oz meteorite strikes one of its solar panels at Point A and emerges on the other side of the panel with no 
change in the direction of its velocity, but with a speed reduced by 25 percent. Knowing that the final angular 
velocity of the probe is CO = (0.05 rad/s)i — (0.12 rad/s)j+<y.k and that the x component of the resulting 
change in the velocity of the mass center of the probe is -0.675 in./s, determine (a) the component of the 
final angular velocity of the probe, ( b ) the relative velocity v 0 with which the meteorite strikes the panel. 



ft 


SOLUTION 

Masses: Space probe: m = ' = 93.17 lb ■ s 2 /ft 

32.2 

5 , 

Meteorite: m =-= 0.009705 lb • s“/ft 

(16X32.2) 

Point of impact: r A = (9 ft)i + (0.75 ft)k 

Initial linear momentum of the meteorite, (lb • s): 

mv 0 = (0.009705)(v r i + v y j + v,k) 

Its moment about the origin, (lb • ft • s): 


(H A ) 0 = r A x mv 0 = 0.009705 


i j k 

9 0 0.75 


V' V V' 

x y z 


= 0.009705[-0.75v y i + (0.75 v x - 9v ,)j + 9v y k] 

Final linear momentum of the meteorite, (lb • s): 

0.75 m\ 0 = 0.007279(v r i + v y j + v,k) 

Its moment about the origin, (lb • ft • s): 

r A x (0.75mv 0 ) = 0.007279[-0.75v y i + (0.75 v x - 9v,)j + 9v y k] 
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PROBLEM 18.34 (Continued) 


Initial linear momentum of the space probe, (lb • s): 
Final linear momentum of the space probe, (lb • s): 


in y q = 0 


m\v' x i + v'j + v'k) = 93.17 
Final angular momentum of space probe, (lb • ft • s): 


0.675 
12 1 


+ V v j + v ’ k 


H a - m'(k 2 x o) x i + k)co y j + k\(O z k) 


= 93.17[(1,375) 2 (0.05)i + (1.425) 2 (-0.12) j + (1.250) 2 co z k] 
= 8.8075i - 22.703j + 145.58<y.k 

Conservation of linear momentum of the probe plus the meteorite, (lb • s): 

0.009705(v x i + v v j + v,k) = 0.007279(v f i + v v j + v.k) + 93.17(-0.05625i + v'j + v'k) 

i: 0.002426v x = -5.2408 v x = -2160 ft/s 

j: 0.002426v y =93.17v' y 

k: 0.002426v, =93.17v' 

Conservation of angular momentum about the origin, (lb • ft • s): 

(0.009705)[-0.75v y i + (0.75v x - 9v, )j + 9v v k] 

= (0.007279) [-0.75 v y i + (0.75v x - 9v, )j + 9v v k] + 8.8075i - 22.703j + 145.58<y,k 

i: -0.0018195v y = 8.8075 v y = 4840.5 ft/s 


j: 

k: 


-0.021834V, +0.0018195v x =-22.703 v, = 0.08333v x +1039.8 = 859.8 ft/s 


-0.021834v y =145.58<y. 


(a) 

(b) 


CO, = -149.98 x 10 -6 v y 


0 ) = -0.726 rad/s A 


v 0 = -(2160 ft/s)i - (4840 ft/s)j + (860 ft/s)k A 
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PROBLEM 18.35 


y 



A 2500-kg probe in orbit about the moon is 2.4 m high and has 
octagonal bases of sides 1.2 m. The coordinate axes shown are the 
principal centroidal axes of inertia of the probe, and its radii of gyration 
are k x = 0.98 m, k, = 1.06 m, and k z =1.02 m. The probe is equipped 
with a main 500-N thruster E and with four 20-N thrusters A, B, C, and 
D which can expel fuel in the positive y direction. The probe has an 
angular velocity co= (0.040 rad/s)i + (0.060 rad/s)k when two of the 
20-N thrusters are used to reduce the angular velocity to zero. 
Determine ( a ) which of the thrusters should be used, ( b ) the operating 
time of each of these thrusters, (c) for how long the main thruster E 
should be activated if the velocity of the mass center of the probe is to 
remain unchanged. 


SOLUTION 


H c = I X (0 X i + I y o) y j + Leak = m(k 2 x co x \ + k)(o), j + k\co z k) 

= (2500) [(0.98) 2 (0.040)i + (1.06) 2 (0)j + (1.02) 2 (0.060)k] 


= (96.04 kg • m 2 /s)i + (156.06 kg • m 2 /s)k 

Let -Aj, - Bj, -Cj, and - D\ be the impulses provided by the 20 N thrusters at A. B. C, and D, respectively. 
Let Ej be that provided by the 500 N main thruster. 

Position vectors for intersections of the lines of action of the thruster impulses with the xz plane: 


a = —(1.2) = 0.6 m, 
2 


b = 0.6 + 0.672 =1.4485 m 


r A --ai + bk, r B -ai + bk 

r c =ai-bk, r D =-ai-bk 

The final linear and angular momenta are zero. 

Principle of impulse-momentum . Moments about G: 

H c + r A x (-Aj) + r B x (-Bj) + r c x (-Cj) + r D x (-Dj) = 0 
H c +b(A + B-C-D)i + a(A-B-C + D)k = 0 



Resolve into components. 


A+B-C-D= 

(H g ) x 

96.04 _ 

-66.30 N s 

(1) 

b 

1.4485 ~ 

A-B-C + D - 

(H g ) z 

156.06 _ 

-260.1 N-s 

(2) 

a 

0.6 


Of A, B, C, and D, two must be zero or positive, the other two zero. 
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PROBLEM 18.35 (Continued) 


Set A — 0 and B- D- N. Solve the simultaneous equations (1) and (2). 


C = 163.2 N • s and N = 96.9. Set £> = 0 and 5 

= 96.9 N • s 


(a) 


Use thrusters C and B. A 

(b) F c (At c ) = C, 

. C 163.2 

At r = — =- 

c F c 20 

At c — 8.16 s M 

F B (At B ) — B, 

. B 96.9 

B F b 20 

At B = 4.84 s M 

(c) Linear momentum: Ej - Bj - Cj = 0, 

E = 30.291 lbs 


F E (At E ) = E 

. E 260.1 

Atr = - = - 

F e 500 

At E = 0.520 s 4 
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PROBLEM 18.36 


Solve Problem 18.35, assuming that the angular velocity of the probe 
is co = (0.060 rad/s)i - (0.040 rad/s)k. 



PROBLEM 18.35 A 2500-kg probe in orbit about the moon is 2.4 m 
high and has octagonal bases of sides 1.2 m. The coordinate axes 
shown are the principal centroidal axes of inertia of the probe, and its 
radii of gyration are k x = 0.98 m, k = 1.06 m, and k 7 = 1.02 m. The 
probe is equipped with a main 500-N thruster E and with four 20-N 
thrusters A, B, C, and D which can expel fuel in the positive y direction. 
The probe has an angular velocity co = (0.040 rad/s)i + (0.060 rad/s)k 
when two of the 20-N thrusters are used to reduce the angular velocity 
to zero. Determine (a) which of the thrusters should be used, ( 6 ) the 
operating time of each of these thrusters, (c) for how long the main 
thruster E should be activated if the velocity of the mass center of the 
probe is to remain unchanged. 


SOLUTION 


H C =l X CO x \ + l y COyi + l z (0)L 
- m ( k 2 x co x \ + ky <y 2 j + k\coM .) 

= (2500)[(0.98) 2 (0.060) + (1,06) 2 (0) + (1.02 ) 2 (-0.040)k] 


= (144.06 kg • m 2 /s)i - (104.04 kg • m 2 /s)k 


Let -Aj, - By -Cj, and - 1)\ be the impulses provided by the 20 N thrusters at A, B, C, and I). 
respectively. Let £j be that provided by the 500 N main thruster. 

Position vectors for intersections of the lines of action of the thruster impulses with the xz, plane: 


a = —( 1 . 2 ) = 0.6 m, 
2 


6 = 0.6 + 0.6 V2 = 1.4485 m 


r A = -ai + 6 k, 


r B -ai + 6 k 


r c = oi - 6 k, r D - -ai - 6 k 

The final linear and angular momenta are zero. 

Principle of impulse-momentum . Moments about G: 


H c + r A x (-Aj) + r B x (-flj) + r c x (-Cj) + r D x (-£>j) = 0 



H c +b(A+B-C-D)i + a(A-B-C+D)k = 0 
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PROBLEM 18.36 (Continued) 


Resolve into components. 

A + B C D= (//c)v = 144 ' 06 = 99.455 N-s 
b 1.4485 

(1) 

k: 

A B C + D- _104 '° 4 = 173.4 N-s 

a 0.6 

(2) 

Of A, B. C, and D, two must be zero or positive, the other two zero. 


Set B- 0 and A-C = N. Solve the simultaneous equations (1) and (2). 


D = 136.43 N-s and N = 

36.97 N-s. Set C = 0 and A = 36.97 N-s 


(a) 


Use thrusters D and A. M 

(b) 

f^-d, 

At D = 6.82 s A 


„ . . A 36.97 

F A (At A ) -A, At A - — =- 

AV A F A 20 

At A =1.848 s ◄ 

(c) Linear momentum: 

£j-£>j-Aj = 0 E = 173.4 N-s 



E 173.4 

F F (At F ) = E At F = — =-— 

£ E E F e 500 

At E = 0.347 s ◄ 
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PROBLEM 18.37 


Denoting, respectively, by co, H 0 , and T the angular velocity, the angular momentum, and the kinetic energy 
of a rigid body with a fixed Point O, (a) prove that H 0 • to = 27 1 ; (b) show that the angle 6 between co and 
H 0 will always be acute. 
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PROBLEM 18.38 



Show that the kinetic energy of a rigid body with a fixed Point O can be 
expressed as T -\l OL of , where co is the instantaneous angular velocity of 
the body and I 0L is its moment of inertia about the line of action OL of co. 
Derive this expression (a) from Eqs. (9.46) and (18.19), ( b ) by considering T as 
the sum of the kinetic energies of particles P- t describing circles of radius p t 
about line OL. 


SOLUTION 

(a) 

Let 


7 = pij A + + l z®z - 2 I ,y^y ~ 2 I yz°\ (0 z ~ 21 xz.^z ) 


co x = co cos<9 v = co?i x 
co Y = cocos 6, - co?z y 
co. = co cos 0. = coA. 


—(i X 1 + 1 A. 2 +1 A 2 -21 A A -21 A A -21 A A ) 

~ \ x v x y y z z xy "x'*y yz y z xz x z) 


T = - 
2 


= \ l oL«r 


co 


T = -I OL co 2 ◄ 


( b ) Each particle of mass (A m) i describes a circle of radius p t . 

The speed of the particle is v ; = p t CO. 


Its kinetic energy is 

The kinetic energy of the entire body is 

but 

Hence, 


(AT) i =UAm i )vf= ] -(Am,)pfco 2 


T = H(AT) i = ^-E(Am,- )pfco 2 


I OL — X(A m^)pi 


T = ~I ol co - ◄ 
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PROBLEM 18.40 

Determine the kinetic energy of the plate of Problem 18.2. 

PROBLEM 18.2 A thin rectangular plate of weight 15 lb rotates 
about its vertical diagonal AB with an angular velocity co. Knowing 
that the z axis is perpendicular to the plate and that co is constant 
and equal to 5 rad/s, determine the angular momentum of the plate 
about its mass center G. 


SOLUTION 



'’'=12 


151b 

312 


—ft I = 0.038820 slug • fF 
12 1 


From Eqs. (18.20): 

T = \(L'a>l' + T y '6)} + T z '(o 2 z -) 

= -^-[(0.021836)(4) 2 +(0.038820)(3) 2 +0] 
T = 0.34938 ft • lb 


T = 0.349 ft • lb ◄ 
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3 in. 


PROBLEM 18.41 

Determine the kinetic energy of the assembly of Problem 18.3. 

PROBLEM 18.3 Two uniform rods AB and CE. each of 
weight 3 lb and length 2 ft, are welded to each other at their 
midpoints. Knowing that this assembly has an angular velocity 
of constant magnitude co- 12 rad/s, determine the magnitude 
and direction of the angular momentum H D of the assembly 
about D. 
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PROBLEM 18.42 

Determine the kinetic energy of the disk of Problem 18.4. 

PROBLEM 18.4 A homogeneous disk of weight W - 6 lb 
rotates at the constant rate co x =16 rad/s with respect to arm 
ABC, which is welded to a shaft DCE rotating at the constant 
rate co 2 — 8 rad/s. Determine the angular momentum H A of the 
disk about its center A. 


SOLUTION 


W 6 , 

m = — = -= 0.1863 lb • s 2 /ft 

8 32.2 


w = <y 2 i + < 2 } j = (8 rad/s)i + (16 rad/s)j 
For axes x, y, z parallel to x, y, z, with origin at A, 


I =-mr 2 =-( 0.1863) 
x 4 4 


— = 0.0207 lb•s / -ft 

v 12 , 


/,< = f v = 0.0207 lb • s 2 • ft, I y . = If + If = 0.0414 lb • s 2 • ft 


Point A is the mass center of the disk. 


Kinetic energy: 


r NC = (9 in.)i - (9 in.)k = (0.75 ft)i - (0.75 ft)k 
v = v A = <y 2 i x r 4/c = 8i x (0.75j - 0.75k) 

= (6 ft/s)j + (6 ft/s)k 
v = To6) 2 + (6) 2 = 8.4853 ft/s 

1 _7 1— 7 1— 7 1— 7 

T = —mv +—IfCor + —I>cor +-L-CO : 

2 2 2 y y 2 

T = ^-(0.1863)(8.4853) 2 +^(0.0207)(8) 2 +^(0.0414)(16) 2 +0 
= 6.7068 + 0.6624 + 5.2992 = 12.6684 ft • lb T = 12.67 ft • lb ◄ 
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PROBLEM 18.43 

Determine the kinetic energy of the disk of Problem 18.5. 

PROBLEM 18.5 A thin disk of mass m = 4 kg rotates at the 
constant rate co 2 =15 rad/s with respect to arm ABC, which itself 
rotates at the constant rate a\ = 5 rad/s about the y axis. Determine 
the angular momentum of the disk about its center C. 


SOLUTION 


Angular velocity of disk: 


Centroidal moments of inertia: 


r = 150 mm 

to = + <y 2 k 

= (5 rad/s) j + (15 rad/s)k 



= ^ (4)(0.150 m ) 2 = 0.0225 kg • m 2 
!_■ = —mr 2 = 0.045 kg • m 2 



Location of mass center. 


r c/A = (0.450 m)i + (0.225 m)j 


Velocity of mass center . 


Kinetic energy: 


v = C9j x r c/A = 5j x (0.45i + 0.225j) 

=—(2.25 m/s)k 

m 1 9 1 — 9 1—9 1 — 9 

T = —mv +—I x cor +—Io) +—La>~ 

2 2 2 ' ' 2 

= ^-(4)(2.25) 2 +0 + ^(0.0225)(5) 2 +^(0.0450)(15) 2 
= 10.125 + 0 + 0.28125 + 5.0625 T = 15.47 J ◄ 
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PROBLEM 18.44 


Determine the kinetic energy of the solid parallelepiped of Problem 18.6. 

PROBLEM 18.6 A solid rectangular parallelepiped of mass m has a 
square base of side a and a length 2a. Knowing that it rotates at the 
constant rate co about its diagonal AC' and that its rotation is observed 
from A as counterclockwise, determine (a) the magnitude of the angular 
momentum H c of the parallelepiped about its mass center G, (b) the 
angle that H c forms with the diagonal AC'. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



2025 







PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2026 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2027 




y 


PROBLEM 18.46 

A 1 

rY 

1 G \ 

\ 

\ 

\ 7 -. 

\ y 

Determine the kinetic energy of the disk of Problem 18.8. 

i \ 
\\ 

PROBLEM 18.8 A homogeneous disk of mass m and radius r is mounted 
on the vertical shaft AB. The normal to the disk at G forms an angle 
/) = 25° with the shaft. Knowing that the shaft has a constant angular 
velocity co, determine the angle 6 formed by the shaft AB and the angular 
momentum H c of the disk about its mass center G. 


y*\ co 


B 

w 
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PROBLEM 18.47 

Determine the kinetic energy of the shaft of Problem 18.15. 

PROBLEM 18.15 A 5-kg rod of uniform cross section is used 
to form the shaft shown. Knowing that the shaft rotates with a 
constant angular velocity co of magnitude 12 rad/s, determine 
(a) the angular momentum H G of the shaft about its mass 
center G, ( b ) the angle formed by H G and the axis AB. 
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PROBLEM 18.48 

Determine the kinetic energy of the body of Problem 18.17. 

PROBLEM 18.17 Two L-shaped arms, each weighing 4 lb, are 
welded at the third points of the 2-ft shaft AB. Knowing that 
shaft AB rotates at the constant rate co = 240 rpm, determine 
(a) the angular momentum of the body about A, ( b ) the angle 
formed by the angular momentum and shaft AB. 
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PROBLEM 18.49 



Determine the kinetic energy of the triangular plate of Problem 18.19. 

PROBLEM 18.19 The triangular plate shown has a mass of 7.5 kg and is 
welded to a vertical shaft AB. Knowing that the plate rotates at the constant rate 
CO = 12 rad/s, determine its angular momentum about (a) Point C, (b) Point A. 
(Hint: To solve part b find v and use the property indicated in part a of 
Problem 18.13.) 


SOLUTION 

to = (12 rad/s)j, co x = 0, (O y = 12 rad/s, co. - 0 

Kinetic energy: 

T = j 7 X +A 7 X + \ J A ~ Jyz^Z ~ 

For the plate: 

b = AB = 90 + 160 = 250 mm = 0.25 m 


h = CD = 120 mm = 0.12 m 

Area: 

A = —bh = 15xlO~ 3 m 2 

2 


(^)area=^ 3 =36xl0- 6 m 4 


m = 7.5 kg 


, T . m , (7.5)(36 x 10^ 6 ) 1C 2 

(^v)mass = . (^v)area = .. , ._ 3 =18x10 kg • m" 

A I j X10 


r A(18 x10“ 3 )(12) 2 = 1.296 J T = 1.296 J ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2031 





PROBLEM 18.50 



Determine the kinetic energy imparted to the cube of Problem 18.21. 

PROBLEM 18.21 One of the sculptures displayed on a university 
campus consists of a hollow cube made of six aluminum sheets, each 
1.5 x 1.5 m, welded together and reinforced with internal braces of 
negligible weight. The cube is mounted on a fixed base at A and can 
rotate freely about its vertical diagonal AB. As she passes by this 
display on the way to a class in mechanics, an engineering student 
grabs corner C of the cube and pushes it for 1.2 s in a direction 
perpendicular to the plane ABC with an average force of 50 N. 
Having observed that it takes 5 s for the cube to complete one full 
revolution, she flips out her calculator and proceeds to determine the 
mass of the cube. What is the result of her calculation? {Hint: The 
perpendicular distance from the diagonal joining two vertices of a cube 
to any of its othe r six vertices can be obtained by multiplying the side 
of the cube by V2/3.) 


SOLUTION 

Let m = j-m be the mass of one side of the cube. Choose x, y, and z axes perpendicular to the face of the cube. 
Let a be the side of the cube. For a side perpendicular to the x axis, (7 t ), = j-m'a 2 . 


For a side perpendicular to the y or z axis, (/ t ) 2 


f 1 0,2 1,2 
m a — — m a 
3 


12 + 4y 


Total moment of inertia: 


By symmetry, 7 = 7 and / = 7 


7 =2(1 \ +4(7 ) 2 =—m'a 2 = —ma 2 

x v x i * 2 3 lg 


Since all three moments of inertia are equal, the ellipsoid of inertia is a sphere. All centroidal axes are 
principal axes. 


Moment of inertia about the vertical axis: 


7„ = — ma 2 
v 18 


Let b = be the moment arm of the impulse applied to the corner. 

Using the impulse-momentum principle and taking moments about the vertical axis, 

5 9 

bF(At) = 77 v = I v C0 = —ma CO 
18 

Data: 


( 1 ) 


a = 1.5 m, b = A |—(1.5) = 1.22474 m 
2k 

co = —— = 1.25664 rad/s, F = 50N, At = 1.2 s. 
5 
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Solving Equation (1) for m. 


PROBLEM 18.50 (Continued) 


18 bF(At) 18 (1.22474)(50)(1.2) n , C£ , , 

m =- - -=- - -= 93.563 kg 

5 a 2 co 5 (1.5) 2 (1.25664) 


m = 93.6 kg 


For principal axes, 


T = —I a> 2 + — I or +—I col 
2 2 y y 2 


r = V 2 =I 
2 v 2 


5 

— ma 

18 j 


or 


= (93.563X1.5) 2 (1.2566) 2 

2 18 


T = 46.2J ◄ 
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SOLUTION 

For the x and y axes shown, the initial angular velocity co Q j has components 


(»■ 




-ffib, 


(On 


V2 

2 u ' J 2 

Initial angular momentum about the mass center: 

(H C ) 0 - T X '(0 X ’l +Ty>(Oy’j 
1 2 x/2 

= —ma -<a,(i+j) 

12 2 0 

Initial velocity of the mass center: v 0 = 0 

Let CO be the angular velocity and v be the velocity of the mass center immediately after impact. 
Let (FAr)k be the impulse at B. 



Kinematics: 


v B = co x r BIA = ( 0 )/i + 0 ) y .j' + co z . k') x (-aj') 
\ B = a(coA' + co x >k') 

Since the corner B does not rebound, ( v B ) r - =0 or co x ’ — 0 

V = COX r c/A = (coA' + CO.- k') x | \aX-i' - j') 


Also, 

and 


= -a(co z -i'-co z -j + (o y k') 
r c/A x mv = - ma 2 (~0) y -i' + 6) y -j + 2co z -k') 


H c = l/CO/i + 1y(0/\ + Lox-k' 

1 2 •/ 1 2 i / 

= —ma co -j H —ma (O k 

12 y 6 


6 
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PROBLEM 18.52 (Continued) 


Principle of impulse-momentum . 


Moments about A: 

Resolve into components. 





.. _ A 

(H g ) 0 + r GIA x mv 0 - (aF Af)i = H c + r G/A x mv 


— \f2n 

2S 

1 


, 2ma 2 (On - aF(At) — ——ma (0 > 
24 ^ 4 


nr 2 1 2 1 2 42 

j: — yJ2ma 0i.= — ma co--\ — ma (O’ (O’- - (0,, 

24 0 12 y 4 31 y 8 0 


1 2 1 2 A 
—mo H— ma~(0.’ (0_> = 0 

6 2 ~ 


k': 0 

\/2 1 rz \/2 

= —«w =-v2ty 0 —(J-o 

, V 2 


to 


1 


Kinetic energy: 
Before impact: 


v — —ary k = -a<y ft k 

2 16 0 

T = -mv 2 +—J of + —T(0 2 +-T’0J 2 ’ 

2 2 2 y y 2 

- a ^2 V2 

b, = 0, (o x ’=—(o 0 , a> y ’ = —( 0 Q , 0 ),’ = 0 


in 


J n = 0 H— I — ma 2 


2 12 


r 42 ' 


V 


y 


if 1 

H— —ma' 

2 v 12 




(39 n 


V 


1 

24' 


+ 0 = —ma 2 og 


After impact: 


J2 42 

v = - aa> () , (O’ = 0, (O’ =- (O n , ( 0 .’ = 0 

16 0 v 8 


1 

= — m 
2 


42 




- aCOr. 

16 ° 


+ 0 + — 
2 


1 


'O’ "'c 

( rz \ 2 


\ 


— ma 

12 j 


42 


v 


j 


+ 0 =— 

192 ^ 


Kinetic energy lost . 


r o _7 i ^ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2036 





SOLUTION 


Masses: Space probe: — —93.17 lb • s /ft 

32.2 

5 , 

Meteorite: m = -= 0.009705 lb • s “/ft 

(16X32.2) 

Point of impact: r A = (9 ft)i + (0.75 ft)k 

Initial linear momentum of the meteorite, (lb • s): 


mv 0 = (0.009705)(2400i + 3000j + 3200k) = 23.292i - 29.115 j + 31.056k 


Its moment about the origin, (lb • ft • s): 


r aXimv 0 = 


9 

23.292 


j k 

0 0.75 

-29.115 31.056 


= 21,836i - 262.04j - 262.04k 


Final linear momentum of meteorite and its moment about the origin, (lb s) and (lb - s - ft): 

0.8mv 0 = 18.634i - 23.292j + 24.845k 
r A x (0.8mv 0 ) = 17.469i - 209.63j - 209.63k 
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PROBLEM 18.53 (Continued) 

Let H A be the angular momentum of the probe and m be its mass. Conservation of angular momentum 
about the origin for a system of particles consisting of the probe plus the meteorite: 

r A x mv 0 = H a + r A x (0.8mv 0 ) 

H a = (4.367 lb • s • ft)i - (52.41 lb • s • ft)j - (52.41 lb • s • ft)k 


Ix®x = (H a) x 

lyCOy = (H a ) v 

I z C0 z ={H a ) z 


co, = 


(H a ) x 


4.367 


ikl 


(93.17X1.375) 2 
(H A ) y _ -52.41 


^ mk) (93.17)(1.425) 2 
_ (H a ) z _ -52.41 


= 0.02479 rad/s 


■ = -0.2770 rad/s 


co. 


z mk: (93.17X1.250) 2 


= -0.3600 rad/s 


Kinetic energy of motion of the probe about its mass center: 

r - ) = f (*X + k Wy + k Wz ) 

-[(1.375) 2 (0.02479) 2 +(1.425) 2 (-0.2770) 2 + (1.250) 2 (-0.3600) 2 ] 


2 ' 
93.17, 


= 16.75 ft • lb 


T' = 16.75 ft lb ◄ 
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SOLUTION 


Masses: Space probe: m = ^222. = 93.17 lb • s 2 /ft 


Meteorite: 


Point of impact: 


32.2 

m =---= 0.009705 lb • s 2 /ft 

(16)(32.2) 

r, = (9 ft)i + (0.75 ft)k 


Initial linear momentum of the meteorite, (lb • s): 

m\ 0 = (0.009705)(v x i + v v j + v.k) 
Its moment about the origin, (lb • ft • s): 


(H a ) 0 = r A x mv 0 = 0.009705 


i j k 

9 0 0.75 

V v V„ V. 


= 0.009705[-0.75v ) ,i + (0.75v v - 9v, )j + 9v y k ] 
Final linear momentum of the meteorite, (lb • s): 

0.75 mv 0 = 0.007279(v x i + v v j + v.k) 

Its moment about the origin, (lb • ft • s): 

r A x (0.75 #nv 0 ) = 0.007279 [-0.75v y i + (0.75 v x - 9v z )j + 9v v k ] 


Initial linear momentum of the space probe, (lb • s): 


m'\' 0 = 0 
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PROBLEM 18.54 (Continued) 


Final linear momentum of the space probe, (lb • s): 


m 


'(i/i + v;j + v:k) = 93.17 


0.675. 
12 1 


+ v' v j + v:k 


Final angular momentum of space probe, (lb • ft • s): 

H, = m'(k 2 x O) x i + k;o)j + k)(O z k) 

= 93.17[(1.375) 2 (0.05)i + (1.425) 2 (-0.12)j + (1.250) 2 <y ; k] 

- 8.8075i - 22.703j + 145.58<y.k 

Conservation of linear momentum of the probe plus the meteorite (lb • s): 

0.009705(v x i + v y j + v.k) = 0.007279(v l i + v v j + v.k) + 93.17(-0.05625i + v'j + v'k) 
i: 0.002426= -5.2408 v x = -2160 ft/s 

j: 0.002426v y = 93.17v' 
k: 0.002426v. =93.17v' 

Conservation of angular momentum about the origin (lb • ft • s): 

(0.009705)[-0.75v y i + (0.75v v - 9v.)j + 9v v k] = (0.007279)[-0.75v v i + (0.75v x -9v.)j + 9v y k] 

+ 8.8075i - 22.703j + 145.58ty.k 


i: -0.0018195v v = 8.8075 v v = -4840.5 ft/s 
k: -0.021834^ = 145.58®. 

ao z = -149.98xl0‘ 6 v y co z =-0.726 rad/s 

Kinetic energy of motion of probe relative to its mass center: 

T' = + i?a; + IA ) = ^m(k 2 A + k Wz4 ) 

= ^"(93-17) [( l-375) 2 (0.05) 2 + (1.425) 2 (—0.12) 2 + (1.250) 2 (—0.726) 2 ] 

= 39.9 ft lb r' = 39.9 ft lb ◄ 
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PROBLEM 18.55 


Determine the rate of change H c of the angular momentum H c of the disk 
of Problem 18.1. 

PROBLEM 18.1 A thin, homogeneous disk of mass m and radius r spins 
at the constant rate (O i about an axle held by a fork-ended vertical rod, 
which rotates at the constant rat ea> 2 . Determine the angular momentum 
H c of the disk about its mass center G. 
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PROBLEM 18.56 

Determine the rate of change H c of the angular momentum H G of 
the plate of Problem 18.2. 

PROBLEM 18.2 A thin rectangular plate of weight 15 lb rotates 
about its vertical diagonal AB with an angular velocity co. Knowing 
that the z axis is perpendicular to the plate and that co is constant and 
equal to 5 rad/s, determine the angular momentum of the plate about 
its mass center G. 


SOLUTION 


h = f 9 in.) 9 +(12 in.) 9 = 15 in. 


Resolving co along the principal axes x, y , z. 


Moments of inertia: 


12 

CD' = — co- 0.8(5 rad/s) = 4 rad/s 
' 15 

9 

(O' = — (D- 0.6(5 rad/s) = 3 rad/s 
- v 15 

co z = 0 


1 X ' = — 
x 12 


= 12 


151b 

32.2 


—ft = 0.021836 slug-fit 2 
12 1 


15 lb V12 


32.2 A 12 


—ft = 0.038820 slug • ft 



From Eqs. (18.10): 

H x . = l x '(o x ' = (0.021836)(4) = 0.087345 slug ft 2 /s 
Hy = IyCOy = (0.038820)(3) = 0.11646 slug ft 2 /s 
H z =I z (O z =0 

H g = (0.087345 slug ft 2 /s)i' + (0.11646 slug ft 2 /s)j' 
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Components along x and y axes: 


PROBLEM 18.56 (Continued) 


3 4 

H x =-H x - H. 

x 5 x 5 y 

= | (0.087345)-1 (0.11646) 

= -0.040761 

4 3 

H ’‘l a '+s H y 

= | (0.087345) +1 (0.11646) 
= 0.13975 


H c = (-0.040761 slug • ft 2 /s)i + (0.13975 slug • ft 2 /s)j 



where the frame Axyz rotates with the plate with the angular velocity. 

Q = co = (5 rod/s )j 

We have (il G ) Axyz = 0. Substituting into Eq. (18.22): 


H g = (H g ) ^ + Cl x H c = 0 + 5 j x (-0.04076 li + 0.13975j) 
= (0.20380 ft/lb)k 


H g = (0.204 ft/lb)k ◄ 
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3 in. 


3 in. 


PROBLEM 18.57 

Determine the rate of change H D of the angular momentum 
H d of the assembly of Problem 18.3. 

PROBLEM 18.3 Two uniform rods AB and CE, each of weight 
3 lb and length 2 ft, are welded to each other at their midpoints. 
Knowing that this assembly has an angular velocity of constant 
magnitude co— 12 rad/s, determine the magnitude and direction 
of the angular momentum H w of the assembly about D. 
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PROBLEM 18.58 

Determine the rate of change H A of the angular momentum H A of 
the disk of Problem 18.4. 

PROBLEM 18.4 A homogeneous disk of weight W - 6 lb rotates at 
the constant rate co x =16 rad/s with respect to arm ABC, which is 
welded to a shaft DCE rotating at the constant rate co 2 — 8 rad/s. 
Determine the angular momentum H A of the disk about its center A. 


SOLUTION 


co = <y 2 i + a\] = (8 rad/s)i + (16 rad/s)j 

For axes x, y', z parallel to x, y, z with origin at A, 

W 6 7 

m = — = -= 0.186335 lb • s 2 /ft 

g 32.2 

— 1 1 A 8 A 2 

I> = —mr 2 = —(0.186335) — = 0.020704lb-s 2 ft 

x 4 4 \12) 

L = J x , = 0.020704 lb s 2 ft 

Iy = Jy + L = 0.041408 lb • s 2 • ft 

H A = TyCOyl + Ty CQyS + I y CO A 

= (0.020704)(8)i + (0.041408)(16)j 
= (0.1656 lb-s ft)i + (0.6625 lb • s • ft)j 

Let the frame of reference Axyz be rotating with angular velocity 

Q = co 2 i = (8 rad/s)i 

Then H A = (H A ) Axyz + O x H A = 0 + <y 2 i x H A 

H A =8ix(0.1656i + 0.6625j) = (5.301b ft)k H A = (5.30 lb • ft)k ◄ 
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PROBLEM 18.59 

Determine the rate of change H c of the angular momentum H c of 
the disk of Problem 18.5. 

PROBLEM 18.5 A thin disk of mass m- 4 kg rotates at the constant 
rate co 2 = 15 rad/s with respect to arm ABC, which itself rotates at the 
constant rate o\ — 5 rad/s about the y axis. Determine the angular 
momentum of the disk about its center C. 


SOLUTION 

r - 150 mm 



Angular velocity of disk: 

C9 = j + (t) 2 k 


T 

Hi - 150mm 


= (5 rad/s) j+ (15 rad/s)k 

z' 

Centroidal moments of inertia: 


I c 


y y 1 2 

C =/ / = 4 mr 

= i (4X0.150 m) 2 = 0.0225 kg • m 2 


J 


V 


A- = —mr 2 = 0.045 kg • m 2 
z 2 

Angular momentum about C. 

H c = ha>A + C a)A + I 7 '(o z ;k 




= 0 + (0.0225)(5) j + (0.045)(15)k 
= (0.1125 kg • m 2 /s) j + (0.6750 kg • 

m 2 /s)k 


Rate of change of angular momentum. Let the reference frame Oxvz be rotating with angular velocity. 


Q = tOj = (5 rad/s )j 



Then 

H c = (H c ) 0xyz + £2 x H c 




= 0 + 5j x (0.1125j + 0.6750k) 




- (3.3750 N-m)i 

H c 

= (3.38 N • m)i ◄ 
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PROBLEM 18.60 

Determine the rate of change H c of the angular momentum H c of 
the disk of Problem 18.8. 

PROBLEM 18.8 A homogeneous disk of mass m and radius r is 
mounted on the vertical shaft AB. The normal to the disk at G forms 
an angle f3 = 25° with the shaft. Knowing that the shaft has a 
constant angular velocity co, determine the angle 0 formed by the 
shaft AB and the angular momentum H G of the disk about its mass 
center G. 
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3 in. 


PROBLEM 18.61 

Determine the rate of change H D of the angular momentum H w of 
the assembly of Problem 18.3, assuming that at the instant considered 
the assembly has an angular velocity 00 = ( 12 rad/s)i and an angular 
acceleration a = -(96 rad/s 2 )i. 


SOLUTION 


W_ 

8 


3 - = 0.093168 lb - s 2 /ft 2 . 


32.2 


/ = 24 in. =2 ft, 00 = (12 rad/s)i 


For rod ADB , H fl = I x coi ~ 0, since I x ~ 0. 

For rod CDE, use principal axes x', y as shown. 


cos# =—, # = 41.410° 

12 

0 ) x ' = cocos0-9 rad/s 2 
0)y = <ysin 0 = 7.93725 rad/s 2 
a>z = 0 

a- -(96 rad/s 2 )i 
a x ' = cy cos 0 = -72 rad/s 
a / = asm0 - -63.498 rad/s 2 



I, = 0 


1 ,2 1 


I. = —ml~ = — (0.93168)(2r = 0.0310559 kg-m" 


12 
h'=Iy 


12 


H w = I X 'C0/ + lyCO/i + I 7 ;C0M 

= 0 + (0.0310559X7.93725) j' + 0 = (0.24698 lb • s/ft)j' 

Let the reference frame Dx'y'z be rotating with angular velocity 

Zl = coi = co^i'+COyj' = (9 rad/s)F+ (7.93725 rad/s )j' 

H D = (H d ) Dx y z > + Q x H d 

= I x ' a A' + J y’ a y'X + r z' a z' k ' + O X H d 

= 0 + (0.0310559)(-63.498)j + 0 + (9i' + 7.93725j') x (0.246498j') 
= -1.97199/ +2.21848k 

= -(1.97199 kg • m 2 /s 2 )(sin#i + cos #j) + (2.21848 kg-m 2 /s 2 )k 



H d =-(1.304 N• m)i - (1.479 N-m)j+(2.22 N-m)k ◄ 
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3 in. 


PROBLEM 18.62 

Determine the rate of change H D of the angular momentum H c of the 
assembly of Problem 18.3, assuming that at the instant considered the 
assembly has an angular velocity co = (12 rad/s)i and an angular 
acceleration a = (96 rad/s 2 )i. 


SOLUTION 


m 


g 32.2 

For rod ADB, H D = I x oA ~ 0, since I x ~ 0. 

For rod CDE, use principal axes x', y' as shown. 

9 


= — = — = 0.093168 lb -s 2 /ft, / = 24 in. = 2 ft, co = (12 rad/s)i 


cos 9 = - 


12 


9 = 41.410° 


co x - - 0) cos 9 = 9 rad/s 2 
co v = co sin 9 = 7.93725 rad/s 2 

% = o 

a = (96 rad/s 2 )i 
a x ’ = cr cos 9 = 12 rad/s 
a v - =asm9 = 63.498 rad/s 2 
■ 0 



y 

i., 


I,=—ml 2 = — (0.93168)(2) 2 =0.0310559 kg-m 2 
y 12 12 
^ = Iy' 

H D = Lx ,CO A' + ty'Vy’i + 

= 0 + (0.0310559X7.93725)j + 0 = (0.246498 lb ■ s/ft)j' 
Let the reference frame Dx'y'z be rotating with angular velocity 

Q = coi = co x \ + co y -i = (9 rad/s)i' + (7.93725 rad/s)/ 

H d = (H fl )Dx'y'z + ^ X 



- + QxH, 

= I x 'Ce x A' + IyCCyj + l z aM' + QxH D 
= 0 + (0.310559X63.498) j + 0 + (9i' + 7.93725j') x (0.246498J') 

= 1.97199j' +2.21848k 

= (1.97199 kg •m 2 /s 2 )(sin#i + cos 6 , j) + (2.21848 kg-m 2 /s 2 )k 

H c =(1.304 N-m)i +(1.479 N-m)j +(2.22 N-m)k ◄ 
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PROBLEM 18.63 

A thin homogeneous square of mass m and side a is welded to a vertical 
shaft AB with which it forms an angle of 45°. Knowing that the shaft 
rotates with an angular velocity co = a>\ and an angular acceleration 
a-aj, determine the rate of change H ( of the angular momentum H,| of 
the plate assembly. 
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y 


PROBLEM 18.64 


A 


Determine the rate of change H c of the angular momentum H c of the 
disk of Problem 18.8, assuming that at the instant considered the 
assembly has an angular velocity co = a)j and an angular acceleration 



r 7 

a = aj. 



/ 

PROBLEM 18.8 A homogeneous disk of mass m and radius r is 

r 

\ 

\ 

17 

mounted on the vertical shaft AB. The normal to the disk at G forms 

i 

\ 

\ 

\ 

i X \ 

an angle /? = 25° with the shaft. Knowing that the shaft has a 

\\ 


\ 

constant angular velocity co, determine the angle 0 formed by the 



\ \ 

\ \ \ 

shaft AB and the angular momentum H c of the disk about its mass 



\ / 

center G. 






c. 

|^\ CO 



B 
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PROBLEM 18.64 (Continued) 

where i, j, k are the unit vectors along the x', y, z axes. 

H c = ——mr 2 <ysin f3i + —mr 2 cocos /3jf 

Angular acceleration . a = aj, d> x ’ = -crsin /?, d> Y - = a cos [3, co z ’ = 0 

Rate of change of angular momentum . Let the reference frame Gxyz be rotating with angular velocity 


With respect to this frame, 


Q = CO] = -(<ysin /3)i' + {cocos /?)j' 


(H cW = 1 Y '0)J+ IaoX 

\ fi \ 

= —mr 2 \(-asm/3)i + —mr 2 (orcosy0)j , + 0 

) v2 ) 

1 o . /I 2 /,,/ 

= — mr'asm li\ H— mr crcospi 
4 H 2 

1 , . . 1 2 

--—mr CTsin/?(icos/?-jsin/?) + — mr a cos J3 (i sin J3 + j cos J3) 

= — mr 2 a[ism J3cos jB + j(2cos 2 jd + sin 2 jd)] 

= —mr 2 a [isin 25° cos 25° + j(2cos 2 25° +sin 2 25°)] 

4 

= mr 2 cr(0.0957556i + 0.45535j) 

With respect to the fixed reference frame, 

H G =(H G W+nxH 0 where 

QxH c = +(-msin /3i' + cocos jBj') 

xf — mr 2 rysin B + — mr 2 cocos B 
<v 4 2 

^22 1 22 

= —mr co cos jB sin pk ——mr co sin /3 cos /3k 

= ——mr 2 CO 2 sin/?cos f3k 

= — -mr 2 CO 2 sin 25°cos25°k = -0.095756mr 2 <y 2 k 
4 


Then 


Hr 


1 (0.0958m + 0.455crj-0.0958ty 2 k) ◄ 
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y 

, 

PROBLEM 18.66 


CJJ> W 



A 

bn 

A thin homogeneous triangular plate of weight 10 pounds is welded to a light 



/ 

vertical axle supported by bearings at A and B. Knowing that the plate rotates 


' B 


at the constant rate co — 8 rad/s, determine the dynamic reactions at A and B. 

24 

. 

in. 

\ 


- 

, A 

A 

L~ A 

X 

/ 

/■ 

r 

(-«— 12 in. — 



SOLUTION 

We shall use Eqs. (18.1) and (18.28): 

EF = ma SM A = (H A ) AlJ , + flxH A 

Computation of H A : 

w = <wj 

Hi = -I xy coi + I y CQ$ - I yz (o k 
The moment of inertia of the triangle is 

(/ v )area =~b\ A = -bh 
y ared 12 2 

/r\ W , r \ 1 7 2 

(J y) mass — "^"(^>>)area — —fflb 

The product of inertia of the triangle is 

( ^xy ) area 

/77 ] 

( 7 vy)mas S = ~ ( 7 vv )area = ~ mbh 


Since the z-coordinate is negligible, 

( ^ yz ) mass — ^ 


Thus, 


1 


1 


H , =- mbhoA-\—mb co\ 



12 6 

where the frame of reference Axyz rotates with the plate with the angular velocity 

SI - (o-a> j 


( 1 ) 
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PROBLEM 18.67 

The assembly shown consists of pieces of sheet aluminum of 
uniform thickness and of total weight 2.7 lb welded to a light 
axle supported by bearings at A and B. Knowing that the 
assembly rotates at the constant rate co = 240 rpm, determine 
the dynamic reactions at A and B. 


SOLUTION 

Mass of sheet metal: 

Sheet metal dimension: 

Area of sheet metal: 

Let 

Moments and products of inertia: 


C b 


Dbg 


m — ——— — 0.08385 lb • s 2 /ft 
32.2 

b = 6 in. = 0.5 ft 

A - —b 2 + b 2 + b 2 + —b 2 - 3b 2 = 0.75 ft 2 
2 2 

m 0.08385 2 3 

p — — =-= 0.1118 lb • s _ /ft = mass per unit area. 

A 0.75 

Anass = pi area 

xy plane (rectangles) 

/ = -b 4 +-b 4 =-b 4 
x 3 3 3 

= |(0.1118)(0.5) 4 
= 4.658 xl0~ 3 lb-s 2 -ft 
I xv =(b z )\^b\\h\ + (b z ) 


-b 


= --b 4 
2 

i xy =~ P b 4 =~(o.nmo.5) 4 

= -3.4938xl0~ 3 lb s 2 - ft 


-1 b 
2 



xz plane (triangles) 

I x =^-b 4 + -b 4 =-b 4 

x 12 12 6 

I x =\pb 4 = 4(°.i 118)(0.5) 4 
6 6 

= 1.1646xl0 -3 lb s 2 ft 
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PROBLEM 18.67 (Continued) 


For calculation of / , use pairs of elements d/\ and dA 2 : 

d/\ 2 = d/\. 

I xz = J x^dA 2 + \(4 b - x )= — J(2 b - x)z.dA { = — Jq(2, b - x)z 2 dx 

but z- x. 

Hence, I xz =-\ a Q (2bx 2 -x 3 )dx = -^b 4 -^-h 4 j = -^6 4 

/_ =-— pb A =-— (0.1118)(0.5) 4 = -2.9115xl0 -3 lb s 2 ft 
* z 12 12 

Total for 7 V : I x =4.658xlO -3 +1.1646xlO -3 =5.823xlO“ 3 lb s 2 -ft 

The mass center lies on the rotation axis, therefore 

a = 0 

£F = A + B = ma = 0 A = -B 


H , =I x co\ -1 co j - 1 xz cok co = coi, a = a\ 

Let the frame of reference Axyz be rotating with angular velocity 

Q = co = coi 

= H a = (ll A ) Axyz +QxH a 

M 0 i + 4bi x (S v j + B k) = l\c/i -1 n a\ - I xz ak + <yi x (I x coi - / n o/\ - I xz co k) 
M 0 i - 4 bBj + 4bB y k = I x ai - (I xy a - I xz or )j - U xz a + I xy or )k 
Resolve into components and solve for B x and B . 


j: 


Data: 


M 0 = I x a 

D (f n a ~ r ^o 2 ) 
z 4b 


k: B, = 


(J x M+f xy or) 

4b 

2^(240) 


a - 0, co = 


60 


= 25.133 rad/s, 6 = 0.5 ft M n = 0 


B, = 0-(-2-9115xl0-^(25.133 ) - = 0 91955 lb . 
(4X0.5) 
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PROBLEM 18.67 (Continued) 


B = 0-(- 3 -4938x 10~ 3 )(25.133) 2 =1 1Q346 lb . 

(4)(0.5) 

Ay = —B y = -1.10346 lb. 

A z = -B, = -0.91955 lb. 

A = -(1.103 lb)j - (0.920 lb )k ◄ 
B = (1.103 lb)j +(0.920 lb)k ◄ 
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SOLUTION 


Angular velocity: co = coi 

Angular momentum about the mass center G: 

H c = T x oA - T n 0)\ - T xz cok 

Let the reference frame Axyz be rotating with angular velocity 

Q = coi. 

-(^G^Axyz +OxH c 

= 0 + on x (J x o)\ - T xx o)\ - 7 xz oAl) 
= 7 xz co 2 S- T n ork 

Since the shaft lies in the xz plane, / = 0. 

By symmetry, the mass center lies on line AB. 

ma = 0 


ZF = XF eff : A + B = ma = 0 A and B form a couple. 



Mx(B y j + B.k) = H G 

I oy^ 

-bB z j + bBk = J xz (oj B z =-^—, B v =0 

b 

Calculation of I X7 . 

Divide the shaft into eight segments, each of length 

a = 200 mm = 0.2 m 


Let m be the mass of one segment. 

in' 


8 kg 
8 


= 1 kg 


For ©, @, ©, and ®, I xz = 0 




© 

0 > 



© 



& 


© 








z 
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PROBLEM 18.68 (Continued) 


Then 


I xz =m\—a)^—^-j + m' —-^J(—a) + m , |^J(a) + m'(a)|^ | = 2 m'a 2 
B 2m a 1 co 2 _ (2)(1)(0.2) 2 (12) 2 _ ^ <j N 


4 a 


(4)(0.2) 


4=0, 


A. = -fi_ = 14.4 N 


A = (14.4 N)k ◄ 
B = -(14.4 N)k ◄ 
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PROBLEM 18.69 

After attaching the 18-kg wheel shown to a balancing machine and 
making it spin at the rate of 15 rev/s, a mechanic has found that to balance 
the wheel both statically and dynamically, he should use two corrective 
masses, a 170-g mass placed at B and a 56-g mass placed at D. Using a 
right-handed frame of reference rotating with the wheel (with the z axis 
perpendicular to the plane of the figure), determine before the corrective 
masses have been attached (a) the distance from the axis of rotation to the 
mass center of the wheel and the products of inertia I and L x , (h) the 
force-couple system at C equivalent to the forces exerted by the wheel on 
the machine. 


SOLUTION 

m = 18 kg, (o — 2/r(15)i = (94.248 rad/s)i 
m B =170 g = 0.17 kg 
m D = 56 g = 0.056 kg 

x B =75 mm = 0.075 m, y B = 182 mm = 0.182 m 
x D = -0.075 m, y D = -0.182 m 

(a) Balance masses are added to move the mass center to Point C and to reduce the products of inertia to 
zero. 

m B y B +m D y D +my = 0 
(0.17X0.182) + (0.056X-0.182) + 18y = 0 

y — -1.15267xl0~ 3 m y=-l. 153mm ◄ 

z = 0 z - 0 A 

m B X B y B + m D X D y D + l xy = 0 
(0.17)(0.075)(0.182) + (0.056)(-0.075)(-0.182) +1 xy = 0 

I xy =-3.0848xlO^ 3 I xv = -3.08x 10~ 3 kg• m 2 ◄ 

< 
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PROBLEM 18.69 (Continued) 

( b) Force-couple system exerted on the wheel: 

F' = ma n =-mra? = —(18)(—1.15267 xlO -3 j)(94.248) 2 
= (184.3 N)j 

n c =I x coi-I xy coi-I xz co\L 

M' c = H c = (ox H c - I xz oj 2 j - I xy ar k 

= 0- (-3.0848 xl0" 3 )(94.248) 2 k = (27.4 N-m)k 
Force-couple system exerted by the wheel on the machine: 

F = -F' F =-(184.3 N)j ◄ 

M c =-M' c M c = -(27.4 N-m)k ◄ 
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PROBLEM 18.70 


When the 18-kg wheel shown is attached to a balancing machine and made 
to spin at a rate of 12.5 rev/s, it is found that the forces exerted by the 
wheel on the machine are equivalent to a force-couple system consisting of 
a force F = (160 N)j applied at C and a couple M c = (14.7 N • m)k, where 
the unit vectors form a triad which rotates with the wheel. ( a ) Determine the 
distance from the axis of rotation to the mass center of the wheel and 
the products of inertia I xv and 1 7X . (b) If only two corrective masses are to 
be used to balance the wheel statically and dynamically, what should these 
masses be and at which of the Points A, B, D, or E should they be placed? 
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PROBLEM 18.70 (Continued) 

( b) Positions for the balance masses. 

y A = y B = —y E - —y D = 182 mm = 0.182 m 
-x A = x B = x E = —x D = 75 mm = 0.075 m 

Balance masses must be added to move the mass center to Point C and to reduce the product 
of inertia to zero. 

m A y A + m B y B + m E yE + "Wd + m y = 0 

(0.182)(nz A +m B —m E - m D )+ (18)(1.44lxl0 3 ) 

m A + m B - m E - m D - -0.1425 kg (1) 

m A x AyA + m B x B y B + m E x E y E + m D x D y D + I xy = 0 
(0.075)(0.182)(-m A + m H -m E +m i) ) + 2.3831xl0 _3 =0 

—m A + m B - m E + m D = -0.17459 kg (2) 

To solve Eqs. (1) and (2), set m B = 0 and let m AD = m A - m D . 

Then m AD - m E = -0.1425 

and —in ao ~ m E = -0.17459 

Solving, m AD = 0.01605 kg, m E = 0.1585 kg 

Set m D = 0, so that m A = 0.01605 kg m E - 158.5 g A 

m A = 16.05 g -4 
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PROBLEM 18.71 

Knowing that the assembly of Problem 18.65 is initially at rest 
{to- 0) when a couple of moment M 0 = M 0 j is applied to shaft CD, 
determine (a) the resulting angular acceleration of the assembly, 
( b ) the dynamic reactions at C and D immediately after the couple 
is applied. 


SOLUTION 



Using the principal axes Gx'y'z: 

/,'= 0, 1 •=!,=—mb 1 
z 3 



co x ' = -to sin [5, co Y ' = to cos p, co z = 0 


Angular momentum about G. 

H c = I'to/i' + T y .(o y . j' + I,co z k 



H c = -1 mb 2 0 ) cos Pj 


or, since 

] — i sin P + j cos P : H c = j mb 2 cocos P( sin /?i + cos /?j) 

(1) 

Rate of change of angular momentum. 


Eq. (18.22): 

- (I^G ^Gxyz + O X H c - (H c ) Gxyz + 0 


Since Q = co = 0 when couple is 

applied, thus, 



1 , 

H c = (H c ) Gxyz = -mb a cos p( sin p i + cos /?j) 

(2) 
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PROBLEM 18.71 (Continued) 

Equations of motion : Equivalence of applied and effective forces. 



r _ 


' <Yt\b % o(a>* pjtr 

* 3 


1 1.2 •„ o o: , 1 ...7-2_ 2 


XM 0 = £(M D ) eff : 2&jx(C c i + C r k) + M 0 j = — mi? or sin /icos /?i + —mb cocos - /ij 


-2/;C t k + 2Z?C.i + M 0 j = — zn/rorsin /icos/?i + — mb 2 acos 2 /ij 


Equating the coefficients of i, j, k: 


j: 

k: 

(a) Angular acceleration . 
From Eq. (4), 

( b ) Initial dynamic reactions . 
From Eq. (3), 


1 , 

2bC =—mb~ a sin B cos B 
"3 

M 0 = ^m& 2 etrcos 2 /3 
C =0 


(3) 

(4) 

(5) 


ar = - 


3M n 


m& 2 cos 1 B 


C T = —mba sin /? cos B = — mbsin B cos ft 


f 3 M 0 ^ 

mb 2 cos 2 [i 


C = 


3 * 1 “' 


Recalling Eq. (5), 


C =0 


C = 


ZF = £(F) eff : 


C + D = 0, D = -C 


D 


| tan /ik 4 
^ tan/ik ◄ 
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SOLUTION 


We shall use Eqs. (18.1) and (18.28): 

IF = ma £M A = (H A ) Axyz + H x H A 

Computation of H A : 

w = <uj 

H a = -I xy co\ + I y coj - I y: 6)k 
The moment of inertia of the triangle is 

('A- = ^h, A = Uh 
(I ) =—(I ) = —mb 2 

V-'y/mass ^V-'y/area 5 

The product of inertia of the triangle is 

(^)area =^^ 2 

HI [ 

(Ixy (mass — ^xy 1 area — "j — Illbh 

Since the "-coordinate is negligible, 

^ ^ yz 1 mass ~ ^ 



I 1 2 

Thus, H a =- mbhcoi-\ — mb~ 0 ) j 

12 6 

where the frame of reference Axyz rotates with the plate with the angular velocity 

Q = C9 = co\ 


(1) 
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PROBLEM 18.72 (Continued) 

Equations of motion . We first use Eq. (18.28): 

ZM a = (H a ) Axyz + Q x H a 

Where H A was obtained in Eq. (1) of Problem 18.66: 

H a =- mbhoA H— mb'a j 

12 6 

Differentiating with respect to the rotating frame: 

1 


1 


(H A ) Axyz = -—mbhcd + —mb aj 


12 



Substituting for H A and (H A ) An ,_ into Eq. (18.28), noting that CO- 0, and computing from diagram: 

1 1 ? 

M 0 j + hjx(B x i + B,k) = - mbhai + — mb aj + 0 

12 6 

1 1 , 

M n j - hBk + hB i =- mbhai + —mb'a j 

oj x 12 6 


Equating the coefficients of the unit vectors 

1 


j: 


M n = —mb 2 a 


a - 


, 6Mq 
mb 2 


(a) 


6(0.75 lb-ft) 1>1/in J;2 
a = — T 777 Z -— = 14.49 rad/s 


(Hxift) 2 


a = (14.49 rad/s 2 )j ◄ 


k: 


-hB,. = 0 


B, =0 


hB. = - mbha, B.= - mba — --|(1)(14.49) 

z 12 " 12 121 32.2 1 


(b) 


B . 


-0.375 lb 


B = —(0.375 lb)k ◄ 


We shall now apply Eq. (18.1): IF = ma: 
Since CO-0: 

Substituting in Eq. (12.1): 


_ _ . b. 1 , 

a = a, - a ix— i = —bak 
3 3 


A + B - -—mbak 
3 


A = —mbak - B 
3 

= ——mbak + — mbak 

3 12 

A = -Ubak=-^ 

4 41 32.2 



(1 ft)(14.49 rad/s 2 )k 


A = -(1.125 lb)k ◄ 
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PROBLEM 18.73 


The assembly of Problem 18.67 is initially at rest (co = 0) when 
a couple M 0 is applied to axle AB. Knowing that the resulting 
angular acceleration of the assembly is a = (150 rad/s 2 )i, 
determine (a) the couple M 0 , (b) the dynamic reactions at A 
and B immediately after the couple is applied. 
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PROBLEM 18.73 (Continued) 


For calculation of 1 x _, use pairs of elements d/\ and dA 2 : dA~, = d/\ 

I xz =\x^dA x + \(4b - x)f— = —\{2b — x)zdA x - -\ h Q (2b - x)z 2 dx 

But z = x. 

Hence, I = — J (2 bx 2 - x 3 )dx = -(—b 4 - — = -—b 4 

xz 0 ^3 4 J 12 

T = -—pb 4 = -—(0.1118)(0.5) 4 = -2.9115xl(T 3 lb • s 2 • ft 
12 12 

Total for I x \ I x = 4.658xl0~ 3 + 1.1646xl0 -3 = 5.823xl0~ 3 kgm 2 

The mass center lies on the rotation axis, therefore, a = 0 

£F = A + B = nisi = 0 A = -B 

H A = I x oA - I xy coj - I xz a >k co = on, a-ai 

Let the frame of reference Axyz be rotating with angular velocity Q = CO = <yi. 


£M a - H a - (H A ) Ar;y; , + QxH a 

M 0 i + 4M x (B y j + B. k) = I x ai - I xy a j - I xz ak + on x (I x oA - I xy oj] - I xz ak) 
M q i - 4bBJ + 4bB y k = I x a\ - ( I xy a - I xz ( 0 2 )j - (I xz a + I xy or )k 


Resolve into components and solve for B v and B . 


Data : 

(a) 

(b) 


j: 


k: 


M n = I a 


B _ 


B. 


4 b 

( I xz a+I xy° }2 ) 


4b 

a = 150 rad/s 2 , 


co- 0, b- 0.5 ft 


M 0 = (5.823x 10^ 3 )(150) = 0.87345 lb • ft 


B _ 


(-3.4938 xl0~ J )(150)-0 
(4)(0.5) 


-0.262 lb 


(-2.9115xl0- 3 )(150) + 0 =a2181b 


-B, 


(4)(0.5) 
-0.218 lb 


M 0 = (0.873 lb ft)i ◄ 


A, = -B. = 0.262 lb 


A = -(0.218 lb)j + (0.262 lb)k ◄ 
B = (0.218 lb)j - (0.262 lb)k ◄ 
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PROBLEM 18.74 



The shaft of Problem 18.68 is initially at rest (co-0) when a 
couple M 0 is applied to it. Knowing that the resulting angular 
acceleration of the shaft is a = (20 rad/s 2 )i, determine (a) the 
couple Mq, (b) the dynamic reactions at A and B immediately 
after the couple is applied. 

PROBLEM 18.68 The 8-kg shaft shown has a uniform cross 
section. Knowing that the shaft rotates at the constant rate 
CO — 12 rad/s, determine the dynamic reactions at A and B. 
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PROBLEM 18.75 

The assembly shown weighs 12 lb and consists of 4 thin 16-in.- 
diameter semicircular aluminum plates welded to a light 40-in.-long 
shaft AB. The assembly is at rest (co = 0) at time t - 0 when a 
couple M 0 is applied to it as shown, causing the assembly to 
complete one full revolution in 2 s. Determine (a) the couple M 0 , 
( b) the dynamic reactions at A and B at t - 0. 


SOLUTION 

Fixed axis rotation with constant angular acceleration . 

1 , 1 , 

6 = 6 0 + cop + — ar = —at 

co -0 

Use centroidal axes x, y, z with origin at C. 

Let the reference frame Cxyz rotate with angular velocity 

C ) Cxyz 


a-ai, co-coi 

26 2(2n) 

a = — = —— = 


3.1416 rad/s" 


H c =I x oi-I X y(Oj-I xz oM 
Q. = (0-GA 


H c = (H c ) c +fixH c = I x ai - Iaj - I xz ak + I xz ar j - I_ n ork 


Required moments and products of inertia . Let p - — = mass per unit area. 

A 


-PK 


: 8 in. = 0.66667 ft 


12 :0.37267 lb • s 2 /ft 


32.2 


Part 

A 

h 

I xy 

c 

(D 

1 2 

—nr 

2 

—nr 4 

8 

2 4 

- r 

3 

0 

© 

1 2 

—nr 

2 

1 4 

—nr 

8 

0 

2 4 
— r 

3 

© 

1 2 
—nr 

2 

1 4 

-nr 

8 

0 

-V 

3 

© 

1 2 
—nr 

2 

1 4 

—nr 

8 

2 4 
— r 

3 

0 

X 

2nr~ 

1 4 

—nr 

2 

4 4 

- r 

3 

4 4 
— r 

3 
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PROBLEM 18.75 (Continued) 


P = 


m 


037261 =0.13345 lb s 2 /ft 3 


27rr 2 2;r(0.66667) 2 


I x =(0.13345) 


-n ] (0.66667) 4 = 0.041407 lb • s 2 • ft 

v 2 


I v =(0.13345)| -■^■j(0.66667) 4 = -0.035147 lb • s 2 • ft 


/_ =(0.13345) 


|f0.66667) 4 =-0.035147 lb - s 2 - ft 

v 3 ) 


EF = A + B = EF eff = ma = 0 


Since the mass center lies on the rotation axis, a = 0 

A = -B 

EM C = M 0 i + (—M)x A + MxB = M 0 i + 2Mx(fi v j+ fi.k) 

= M 0 i - 2bB^] + 2h5 y k where 2^ = 40 in. = 3.3333 ft 
Resolve into components, 
i: M 0 = I x a = (0.041407)(3.1416) 

j: -2 bB z =-I xy a + I xz o) 2 

(-0.035147X3.1416) +0 


XM C = H c 


(a) 

(b) 


M 0 = (0.1301 lb - ft)i ◄ 


B z = 


3.3333 


- = -0.0331 lb 


A, =0.033 lib 


k: 


2 bB y =-I xz a-I xy o) 


= _ (-0.035147)(3.1416) + 0 =a03311b 


3.3333 


A v =-0.0331 lb 

A =-(0.033llb)j +(0.033 llb)k ◄ 
B = (0.0331 lb)j — (0.033 llb)k ◄ 
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PROBLEM 18.76 



For the assembly of Problem 18.75, determine the dynamic reactions 
at A and B at t — 2 s. 

PROBLEM 18.75 The assembly shown weighs 12 lb and consists 
of four thin 16-in.-diameter semicircular aluminum plates welded 
to a light 40-in.-long shaft AB. The assembly is at rest (to- 0) at 
time t - 0 when a couple M 0 is applied to it as shown, causing the 
assembly to complete one full revolution in 2 s. Determine (a) the 
couple Mq, (b) the dynamic reactions at A and B at t- 0. 


SOLUTION 


Fixed axis rotation with constant angular acceleration . 

1 , 1 , 
6 = 0 O + a^t + —at -—at 


a-on, co-coi 



©^- = 3.1416 rad/s 2 
2 2 


co- co Q + at - at - (3.1416)(2) = 6.2832 rad/s 

Use centroidal axes x, y, z with origin at C. H c = I x oi - I xy O)\ -1 x: tok 

Let the reference frame Cxyz, rotate with angular velocity Q = ft) = cd 

H c = (He W + Q x H c = 1 x a\ - I xx a\ - I xz ak + l X7 or\ - I xy or k 


Required moments and products of inertia . Let p- — = mass per unit area. 

A 


I = pi ___ r = 8 in. = 0.66667 ft m = -= 0.37267 lb • s 2 /ft 

IllaSS / dTcd 32 2 


Part 

A 

4 

c 

c 

CD 

1 2 

—nr 

2 

— nr A 

8 

2 4 
- r 

3 

0 

© 

1 2 

—nr 

2 

1 4 

—nr 

8 

0 

2 4 

- r 

3 

© 

1 2 
—nr 

2 

1 4 

—nr 

8 

0 

2 4 

- r 

3 

© 

1 2 

—nr 

2 

1 4 

—nr 

8 

2 4 

-r 

3 

0 

i 

2nr~ 

1 „ 4 

—nr 

2 

4 4 

-r 

3 

4 4 

- r 

3 
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PROBLEM 18.76 (Continued) 


P- 


037267 . = q. 13345 lb - s 2 /ft 3 


2nr 2 2^(0.66667)“ 


/ v = (0.13345) 


A > 

—n 

v2 j 


I xy =(0.13345) 


f A \ 


V -V 


(0.66667) 4 = 0.041407 lb • s 2 • ft 


(0.66667) 4 = -0.035147 lb • s 2 • ft 


/ =(0.13345) — (0.66667) 4 =-0.035147 lb s 2 - ft 


XF = A + B = XF eff = ma = 0 


3 

Since the mass center lies on the rotation axis, a = 0 

A = -B 

XM C = M 0 i + (—M)x A + MxB = M 0 i + 2bix(B y j+ Z?_k) 

= M (; i — 2bBP] + 27>S y k where 2b- 40 in. = 3.3333 ft 

Resolve into components, 
i: M q = 1 x a = (0.041407)(3.1416) 

j: 


ZM C =H C 


M 0 =0.1301 lb ft 


-2 bB z = -I xy a + I xz co 


B -(-0.035147)(3.1416) + (-0.035147)(6.2832) _ 03 o 31b 
z 3.3333 


A, = -0.383 lb 


k: 


2 bB y =-I xz a-I xy o) 


B (-0,035147X3.1416) +(-0.035147X6.2832)“ _ Q 1/|91b 


3.3333 


A„ = -0.4491b 


A = -(0.449 lb)j - (0.383 lb)k ◄ 
B = (0.449 lb)j + (0.383 lb)k ◄ 
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PROBLEM 18.77 

The sheet-metal component shown is of uniform thickness and has 
a mass of 600 g. It is attached to a light axle supported by bearings 
at A and B located 150 mm apart. The component is at rest when it 
is subjected to a couple M 0 as shown. If the resulting angular 
acceleration is a = (12 rad/s 2 )k, determine (a) the couple M 0 , 
(b) the dynamic reactions at A and B immediately after the couple 
has been applied. 


SOLUTION 

The sheet metal component rotates about the fixed z axis, so that Equations (18.29) of the textbook apply. 
These are relisted below as equations (1), (2), and (3). 

- -hz a+I yz ( ° 1 

YM y =-l yz a-I xz (o 2 

™ z = I z a 

Calculation of the required moment and products of inertia. 

m = 600 g = 0.6 kg 


( 1 ) 

(2) 

(3) 


Total mass: 
Total area: 


A = i (0.075) 2 + (0.150)(0.075) +1 (0.075) 2 = 16.875 x 10“ 3 m 2 


jfl 2 

Let p be the mass per unit area. p - — = 35.556 kg/m 

A 

The component is comprised of 3 parts: triangle ©, triangle ©, and rectangle © as shown. Let the lengths of 
75 mm be labeled b. 

Triangle ©. The equation of the upper edge is 

b 

y= i~ z 

Use elements of width dz and height y. 

dm = pydz (dC ) el = y z dm 


1 2 


12 ’ 


(dI xz ) tX = 0 (dl yz ) el = 0 
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PROBLEM 18.77 (Continued) 


Triangle ©. The equation of the lower edge is y = — — zj. 

Use elements of width dz and height —y. 

1 2 

dm = -pydz, ( dl z ) el = — y dm, (dL x ) el = 0, (dl y7 ) el = 0 

Coordinates of the element mass center: 

*el= & « y d = 2 y ’ Z el = Z 

The integrals for I XZ ,I VZ , and I_ turn out to be the same as those of triangle ©. 

I xz = 93.75 x 1(T 6 kg-m 2 , I yz = -46.875xl0~ 6 kg • m 2 , I, =656.25 xl(T 6 kg-m 2 

Rectangle (D. Area: A = (0.150)(0.075) = 11.25xl0~ 3 m 2 

Mass: m = pA = 400 x 10~ 3 kg 

4 = °> 4=o 

7, =^m(2b) 2 (400x10" 3 )(0.150) 2 =750x10" 6 kg-m 2 

Totals. I xz = 24 = 187.5x10 kg • m 2 

Iyz =ZIyz = -93.75X10- 6 kg m 2 
I, = III Z = 2062.5 xlO -6 kg • m 2 

Since the mass center lies on the fixed axis, the acceleration a of the mass center is zero. 

XF = ma = 0 

The reactions at A and B form a couple. 

B = -A 

Let A = A v i + A v j 

Resultant couple acting on the body: 

M = ck x (A x \ + A y j) + M 0 k 

— — cA y i + cA t j + Af qIc 

(a) Moment M 0 . Using Equation (3), 

XM, =M 0 = I z a = (2062.5 xlO 6 )(12) M 0 = 24.8xl0“ 3 N • m ◄ 
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SOLUTION 

The sheet metal component rotates about the fixed z axis with angular acceleration a = (12 rad/s 2 )k. 

(a) Angular velocity at t — 0.6 s. 

co- (Oq +at = 0 + (12)(0.6) = 7.2 rad/s co = (7.20rad/s)k 4 

(b) Dynamic reactions. 

Equations (18.29) of the textbook apply. These are relisted below as equations (1), (2), and (3). 


™ x - ~I x m+ Iy~or 
I :M y =-I yz a-I xz 0 ) 2 
™ z =l,a 


( 1 ) 

(2) 

(3) 


Calculation of the required moment and products of inertia. 
Total mass: m - 600 g = 0.6 kg 


Total area: 

Let p be the mass per unit area. 


A = i(0.075) 2 + (0.150X0.075) + -(0.075) 2 = 16.875 xl0~ 3 m 2 
2 2 


fit 

p = — = 35.556 kg/m 2 


The component is comprised of 3 parts: triangle ©, triangle ©, and rectangle © as shown. Let the lengths of 
75 mm be labeled b. 

Triangle ©. The equation of the upper edge is 

b 

y= 2~ Z 

Use elements of width dz and height y. 

dm-pydz ( dl,) el 


1 2 


12 


y dm 


(df xz ) c] =0 (dl yz ) c] =0 
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PROBLEM 18.78 (Continued) 


Coordinates of the element mass center: 


Applying the data, 


/ - 1 

*d=- & . >cl = 2^’ Z d = Z 


d hz = ( d Uh + X c\Zc\ dm 


■■ 0 + (-b)z(pydz) = -pbz\ — - z \dz 


'*=- pb \‘2A\- z ) dz =h p '’ 


-- z | zdz 
v2 


dI yz = (dI yz\i + y e i^\ dm 


: 0 +1 —y z(pydz) - — P 
2 / 2 


. 1 fW 2 fh V 1 . 

I v =—p\ — z\ zdz- - pb 

yz 2 J-i/2 2 J 24 


dl z = (dl, ) el + (Jtj + v 2 ,) dm 



1 .2 , ul , 1 ..2 


— y"+Zr+ — v“ py t dz = p b z y + — y 3 Idz 
12 4 J ' l 3 1 


1 


= /> 


— b* --b 2 z + -bz 2 --z 3 \dz 
v 24 4 2 3 


h=p\ 


b/2 




l 


l 


-6/21 24 


b~z + — bz —z \dz = —pb 
n ” 1 12 


1 


1 XZ = (35.556)(0.075) 4 = 93.75 xlCT 6 kg • m 2 

l yz = -2-(35.556)(0.075) 4 = -46.875XKT 6 kg • m 2 


L = —(35.556)(0.075) = 656.25x10 kg • m 


Triangle ©. The equation of the lower edge is 

Use elements of width dz and height —y. 

dm = -pydz, (dl ; ) el 


>’ = - 




1 2 


12 ‘ 


y dm, (d1 7X ) el = 0, (dl yz ) el = 0 
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PROBLEM 18.78 (Continued) 


Coordinates of the element mass center: 

X d = b. 


y « = 2 y ’ 


Z e \ z 


The integrals for / , / , and /_ turn out to be the same as those of triangle ©. 


I x , = 93.75 x 1(T 3 kg m 2 , / = -46.875 xlO^ 6 kg • m 2 , / = 656.25 xlO -6 kg • m 2 


Rectangle 


Area: 

Mass: 


Totals. 


A = (0.150)(0.075) = 11.25 x 1CT 3 m 2 
m = pA = 400 x 10 3 kg 

4=°> 4 = 0 

I z = ^m(2b) 2 =T (400x10 _3 )(0.150) 2 = 750xl0“ 6 kg-m 2 
I=U = 187.5xl0- 6 kg-m 2 


4 =24 =-93.75x10-® kg-m 2 
I z = II z = 2062.5 x lO^ 6 kg • m 2 

Since the mass center lies on the fixed axis, the acceleration a of the mass center is zero. 

XF = nisi — 0 

The reactions at A and B form a couple. 

B = -A 

Let A = A x i + Ay j 

Resultant couple acting on the body: 

M = ck x {A x \ + A v j) + M 0 k 

= ~cAp + cA x j + M q k 



From Eq. (1), 


From Eq. (2), 


-CAy=-l xz a+ l yz O) 

_l xz a IyzOT _ (187.5xl0~ 6 )(12) (-93.75xl0~ 6 )(7.2) 2 

v_ c c 0.150 0.150 


= 47.4xl0“ 3 N 


cA v =-I yz a-l xz (o 

A 441 = (-93.75xIQ- 6 )(12) (187.5xlQ- 6 )(7.2) 2 _ 57 3xlQ -3 N 


0.150 


0.150 

A = -(57.3xlO' 3 N)i + (47.3xlO -3 N)j ◄ 
B = (57.3xl0 -3 N)i - (47.3xl0 -3 N)j ◄ 
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PROBLEM 18.79 

The blade of an oscillating fan and the rotor of its motor have a total 
weight of 300 g and a combined radius of gyration of 75 mm. They are 
supported by bearings at A and B, 125 mm apart, and rotate at the rate 
CO i=l 800 rpm. Determine the dynamic reactions at A and B when the 
motor casing has an angular velocity co 2 — (0.6 rad/s) j. 


SOLUTION 

O), = o\i 


2^(1800) 

0)1 ~ 60 


= 188.5 rad/s 

Angular velocity: 

CO = 0\\ + CO,] 

Angular momentum: 

H G =I x G\'+IyGhi 

Let the reference frame be rotating with angular velocity Q = <y, j. 


H c — (H c ) Gxyz + O x H c 


= 0 + co 2 j x(f x co ] i + I y co 2 j) 

= -I x °\Oh k 

Assume that the acceleration of the mass center is negligible. Then the dynamic reactions at A and B reduce to 

a couple. 

A = -B 


M = MxB 


= Mx(fi v j+ S.k) 

= -bBJ + bB y k 


M = H c Resolve into components. 


j: -bB,= 0 5, = 0, A ; =0 


k: bB = l A<lh B 

b b 
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PROBLEM 18.79 (Continued) 


Data: 

m = 0.300 kg 
k x = 0.075 m 



b = 0.125 m 



E _ (0.300)(75x10- 3 ) 2 (188.5)(0.6)_ { ^ ^ 
y 0.125 

A v =1.527 N 

A = (1.527 N)j ◄ 



B = -(1.527 N)j ◄ 
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PROBLEM 18.80 

The blade of a portable saw and the rotor of its motor have a 
total weight of 2.5 lb and a combined radius of gyration of 
1.5 in. Knowing that the blade rotates as shown at the rate 
(D\ = 1500 rpm, determine the magnitude and direction of the 
couple M that a worker must exert on the handle of the saw to 
rotate it with a constant angular velocity co 2 = -(2.4 rad/s)j. 


SOLUTION 

(2tf)(1500) 

CD, = --- 

1 60 

= 157.08 rad/s 

CDj = coy 


Angular velocity: 

(0 = co 2 j + coy 


Angular momentum of rotor: 

H c = r y co 2 i + Lcoy 


Let the reference frame Gxyz be rotating with angular velocity Q = co, j. 



He — (H g )cxyz + O X H c 

= 0 + <y 2 j x (I y co 2 j + I z coy) 

= l z a\co 2 i 


Couple exerted on the saw: 

Data: 

M = H g 

= I-CO^cOji 

— mkZCO.CO-A 

W = 2.5 lb 

2.5 

m =- 

32.2 

= 0.07764 lb • s 2 /ft 



k, =1.5 in. 

= 0.125 ft 

M = (0.07764)(0.125) 2 (157.08)(—2.4) i 

M = -(0.457 lb-ft)i ◄ 
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PROBLEM 18.81 

The flywheel of an automobile engine, which is rigidly attached to the crankshaft, is equivalent to a 400-mm- 
diameter, 15-mm-thick steel plate. Determine the magnitude of the couple exerted by the flywheel on the 
horizontal crankshaft as the automobile travels around an unbanked curve of 200-m radius at a speed of 
90 km/h, with the flywheel rotating at 2700 rpm. Assume the automobile to have (a) a rear-wheel drive with 
the engine mounted longitudinally, ( b) a front-wheel drive with the engine mounted transversely. (Density of 
steel =7860 kg/m 3 .) 


SOLUTION 


Let the x axis be a horizontal axis directed along the engine mounting, i.e., longitudinally for rear-wheel drive 
and transversely for front-wheel drive. 

Let the y axis be vertical. 

The angular velocity of the automobile, oo 2 ,is equal to (v/p) j, where 

v = 90 km/h = 25 m/s and p - 200 m. 

CO, =-^-j = (0.125 rad/s )j 
2 200 


Angular velocity of the fly wheel relative to the automobile: co, = (pi 

2^(2700) 


where 


0 \ 


60 


Angular momentum of fly wheel: 

Let the reference frame Gxyz be rotating with angular velocity 


= 282.74 rad/s 

H c = I x OM + I y co y S 
£2 = <y,j 


Couple exerted by the shaft on the fly wheel: 
Couple exerted by the fly wheel on the shaft: 


Data for fly wheel: 


m - p 


H c - (H c ) Gxyz + Q x H c 
= 0 + <y 2 j x (I x a\i + I y co 2 j) 

= -/ l ^m 2 k 

M = -/ v cqcy,k 
M' = -M = I x o\(o,\. 

-d 2 X = (7860)—(0.4) 2 (0.015) = 14.816 kg 


/ v = I,„ r 2 = i(14.816)(0.2) 2 = 0.29632 kg • m 2 


For a circular plate, 

Using Equation (1), M'= (0.29632)(282.74)(0.125)k = (10.47 N • m)k 

(a) Magnitude of couple for rear-wheel drive: 

(b) For front-wheel drive: 


( 1 ) 


M' = 10.47 N-m ◄ 
M'= 10.47 N-m ◄ 
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PROBLEM 18.82 


Each wheel of an automobile has a mass of 22 kg, a diameter of 575 mm, and a radius of gyration of 225 mm. 
The automobile travels around an unbanked curve of radius 150 m at a speed of 95 km/h. Knowing that the 
transverse distance between the wheels is 1.5 m, determine the additional normal force exerted by the ground 
on each outside wheel due to the motion of the car. 
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PROBLEM 18.83 

The uniform thin 5-lb disk spins at a constant rate co-,— 6 rad/s 
about an axis held by a housing attached to a horizontal rod that 
rotates at the constant rate co x = 3 rad/s. Determine the couple which 
represents the dynamic reaction at the support A. 


SOLUTION 


Angular velocity: 

£ 

II 

ii 

o 

JS 

II 


CO = ft>,i + <y 2 k 

Angular momentum: 

H 0 = T x co x i + T/jjj + Loxk 


= T x a\ i + I ; co 2 k 

Let frame Oxyz be rotating with angular velocity £1 = co x \. 

Rate of change of angular momentum. 

H 0 — (il 0 )oxyz + OxH 0 


= I x o \i + Ldhk + a\i x (I x o \i + l z co 2 k) 


1 2 

= 0 + 0 + 0 - LcOyOb j = -—mrcoyco ,j 

Dynamic reaction couple: 

M = H C 




M = -(0.1553 lb - ft) j ◄ 
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PROBLEM 18.84 

The essential structure of a certain type of aircraft turn indicator is shown. 
Each spring has a constant of 500 N/m, and the 200-g uniform disk of 40-mm 
radius spins at the rate of 10,000 rpm. The springs are stretched and exert 
equal vertical forces on yoke AB when the airplane is traveling in a straight 
path. Determine the angle through which the yoke will rotate when the pilot 
executes a horizontal turn of 750-m radius to the right at a speed of 800 km/h. 
Indicate whether Point A will move up or down. 
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PROBLEM 18.84 (Continued) 


The spring forces F A and F /; exerted on the yoke provide the couple M G . The force exerted by spring B is 
upward. 

Let F b = Fj 

Then F A = -Fj 

= r B/A* X 

= 0.100ixFj 
= O.lFk 

From M c = H c , 

0.1F = 0.049646 
F = 0.49646 N. 

F 

Compression of spring B: o B = — 

k 

_ 0.49646 
500 

= 0.99291 xl0' 3 m 
= 0.9929 mm 

Point B moves 0.9929 mm down. Point A moves 0.9929 mm up. 

T . , f . Q 0.9929 + 0.9929 

1 urning angle for yoke: 0 =- 

100 

= 0.019858 rad 0 = 1.138°^ ◄ 

Point A moves up. A 
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PROBLEM 18.86 



A uniform semicircular plate of radius 120 mm is hinged at A and B 
to a clevis which rotates with a constant angular velocity to about a 
vertical axis. Determine (a) the angle /3 that the plate forms with the 
horizontal x axis when co - 15 rad/s, (b) the largest value of 0 ) for 
which the plate remains vertical (/? = 90°). 


SOLUTION 

Moments and products of inertia . 

We use the axes Cx'y'z shown. 

We note that I x > and I - are half those for a circular plate, and so is the mass m. Thus, 

, 1 2 

= — mr 
x 4 

, 1 2 

I ■ — —mr 

y 2 

Because of symmetry, all products of inertia are equal to zero: 

Angular momentum about C . 


Ixy I y'z Izx ^ 



H c = I / (o x 4'+I / co / i' 

= ^mx 2 (-co sin J3)i' + — mr 2 (o)cos J3)j' 

= ^mx 2 a>(- sin j3i' + 2 cos j3j') 

Since C is a fixed point, we can use Equation (18.28): 

ZM C = (H c ) cx’y'z + ^ x H c = 0 + <yj x H c 

Or, since j = -i'sin jB + /cos jB: ZM C = ^(-i'sin jB + j' cos /3)x-^mx 2 a>(- sin jBi' + 2 cos J3j) 

= —mr 2 co 2 (-2 sin / 3 cos /?k + cos /3 sin /?k) 

ZM C = —mr 2 co 2 sin/?cos/?k 


( 1 ) 
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PROBLEM 18.87 (Continued) 


But 


EM C = —mgx cos /3 k 


• V\ 

* 

4 y 

= -mg —cos pk 

3 n 

(2) 


\ 



Equating (1) and (2): 

1 2 2-0 a 4 mgr 

—mrco sin p cos p = -cos p 

4 3 n 




2-n 16 g 16 9.81 m/s 2 

cor sin B = —— =- 

3 n r 3 n 0.12 m 

or sin/? = 138.78 s“ 2 (3) 

Let p = 50° 

in Equation (3): 

^2 _ 138 - 78 s -2 _ i8ii7 s -2 
sin 50° 

co- 13.46 rad/s A 
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PROBLEM 18.89 

The slender rod AB is attached by a clevis to arm BCD, which rotates with a constant 
angular velocity co about the centerline of its vertical portion CD. Determine the 
magnitude of the angular velocity co. 
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PROBLEM 18.90 

The 950-g gear A is constrained to roll on the fixed gear B, but is free 
to rotate about axle AD. Axle AD, of length 400 mm and negligible 
mass, is connected by a clevis to the vertical shaft DE, which rotates as 
shown with a constant angular velocity co, . Assuming that gear A can 
be approximated by a thin disk of radius 80 mm, determine the largest 
allowable value of o\ if gear A is not to lose contact with gear B. 


SOLUTION 

fi = 30° 

L = 400 mm = 0.4 m 
r - 80 mm = 0.08 m 

Choose principal axes x, y, z as shown. 

Kinematics: ft), = a\ sin ji\ + a\ cos /ij 

(0 2 = 

CO = COj + C0 2 

= a\ sin J3i + (a\ cos /? + co 2 )j 
co x - o\ sin fi 
a> x - o\ cos /? + co 2 
\ (; = to, x r G/D — C 0 j j x r CID 
= -a\Lsin /?k 

a G = co, x v G = cy^Lsin /3 -— 

v c ~ v c + ® xr c/G 

0 = -cy,Lsin /?k + (co x i + co v j) x (— ri) 
= -c^L sin jBk + (O x rk 

L ■ a 
co -o\ —sin p 

r 

Angular momentum: H c = I x co x i + l, 0 )j 
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PROBLEM 18.92 

The essential structure of a certain type of aircraft turn indicator is shown. 
Springs AC and BD are initially stretched and exert equal vertical forces at A 
and B when the airplane is traveling in a straight path. Each spring has a 
constant of 600 N/m and the uniform disk has a mass of 250 g and spins at 
the rate of 12,000 rpm. Determine the angle through which the yoke will 
rotate when the pilot executes a horizontal turn of 800-m radius to the right 
at a speed of 720 km/h. Indicate whether point A will move up or down. 


SOLUTION 

Aircraft speed: 
Radius of turn: 
Angular velocity: 


v = 720 km/h = 200 m/s 
p = 800 m 

co x = 12000 rpm = 1256.6 rad/s 


0 ) is negative since the aircraft is turning to the right. 


v 200 m/s 

<y v =-=-= -0.25 rad/s 

p 800 m 

^ =0 


Angular momentum: H c = I x co x i + I y c y y j 

where the reference frame Gxvz is turning with the aircraft with an angular velocity 

O = co y j 

Rate of change of angular momentum: 

Since co x and (O x are constant, (H G ) G =0 and Eq. (18.22) yields 

H c = (H c ) Gxyz + n x H c = 0 + (D y j x (J x co x \ + ! x 0 jj) 



x x y y* 


= - ■ 


1 2 

—mr \co r cok 
o \ x y 

V 2 


= ——(0.25 kg)(0.05 m) 2 (1256.6 rad/s)(-0.250 rad/s)k 
H c = +(98.172xl0 -3 N • m)k 
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PROBLEM 18.92 (Continued) 


Free Body and kinetic diagrams 



The forces A and B exerted by the springs must be equivalent to the couple H G . They must therefore be 
directed as shown, which means that the spring at A will stretch and A will move up . M 

We have A- B, (0.12 m)A = 98.172xl0 -3 N • m 

F = A = 0.81810N 

_ _ t . , . F 0.81810 N in _ 3 

Deflection of spring =x = — =-= 1.3635 x 10 " m 

k 600 N/m 

Angle of rotation = — = L3635xl ° m = 0.022725 rad = 1.30° ◄ 

GA 0.06 m 
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PROBLEM 18.94 

The 10-oz disk shown spins at the rate o\ = 750 rpm, while 
axle AB rotates as shown with an angular velocity <y 2 - 
Determine the maximum allowable magnitude of at, if the 
dynamic reactions at A and B are not to exceed 0.25 lb each. 
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PROBLEM 18.95 

Two disks, each of mass 5 kg and radius 100 mm, spin as shown at 
the rate o\ = 1500 rpm about a rod AB of negligible mass which 
rotates about a vertical axis at the rate (tb — 45 rpm. (a) Determine 
the dynamic reactions at C and D. (b) Solve part a, assuming that 
the direction of spin of disk B is reversed. 


SOLUTION 

Angular momentum of each disk about its mass center . 

H g = IojJ + T y co y j = -^mr z o\ i + ^mr z ( 0 2 j 


1 2 • 1 .2 


Eq. (18.22): 


1 ? 

H G = —mr (-2(0)1 + coj) 


H c = (H c ) Gxyz + H x H c = 0 + co 2 jx mr~ (-2^1 + co 2 j) 



( 1 ) 


1 

2 


H c =+—mr 2 co i ca 1 k 


Equations of motion . 



Since ma A and ma B cancel out, effective forces reduce to couple 2H ( 


2 ffij<y 2 k. 


It follows that the reactions form an equivalent couple with 

f 2 > 

mr a\(0 2 

0.3 m 


-C = D = 


(2) 


( 3 ) 
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PROBLEM 18.95 (Continued) 


(a) With m = 5 kg, r - 0.1 m, OJ t -1500 rpm = 50/r rad/s, and (0 2 = 45 rpm = 1,5/r rad/s, Eq. (3) yields 

( \.5n rad/s' 


C-D -{5 kg)(0.1 m)“ (50;r rad/s) 


0.3 m 


= 123.37 N 


(b) 


C =-(123.4 N)i; D = (123.4 N)i ◄ 

With direction of spin of B reversed, its angular momentum will also be reversed and the effective 
forces (and thus, the applied forces) reduce to zero: 

C = D = 0 ◄ 
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PROBLEM 18.97 

A stationary horizontal plate is attached to the ceiling by means of a 
fixed vertical tube. A wheel of radius a and mass m is mounted on a 
light axle AC which is attached by means of a clevis at A to a rod AB 
fitted inside the vertical tube. The rod AB is made to rotate with a 
constant angular velocity Q causing the wheel to roll on the lower face 
of the stationary plate. Determine the minimum angular velocity Q. for 
which contact is maintained between the wheel and the plate. Consider 
the particular cases (a) when the mass of the wheel is concentrated in 
the rim, ( b ) when the wheel is equivalent to a thin disk of radius a. 
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PROBLEM 18.97 (Continued) 


Equating moments about A: 

Rix(-Wj) = U G 

—Ring k = —I —0 2 k 
a 



n = J m * a 


(a) mass in rim: I x = ma 2 



1 2 

( b ) thin disk: l =—ma 

2 


0.-^2 g/a A 
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PROBLEM 18.98 



Assuming that the wheel of Problem 18.97 weights 8 lb, has a radius a — 4 in. 
and a radius of gyration of 3 in., and that R - 20 in., determine the force 
exerted by the plate on the wheel when Q = 25 rad/s. 

PROBLEM 18.97 A stationary horizontal plate is attached to the ceiling 
by means of a fixed vertical tube. A wheel of radius a and mass m is 
mounted on a light axle AC which is attached by means of a clevis at A to a 
rod AB fitted inside the vertical tube. The rod AB is made to rotate with a 
constant angular velocity Q causing the wheel to roll on the lower face of 
the stationary plate. Determine the minimum angular velocity Q for which 
contact is maintained between the wheel and the plate. Consider the 
particular cases (a) when the mass of the wheel is concentrated in the rim, 
( b ) when the wheel is equivalent to a thin disk of radius a. 
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PROBLEM 18.98 (Continued) 



Taking moments about A: 

Ri x (-Dj — VTj) = H c 
j" i x (~Dj - 8j) = -48.52k 

-|(D + 8)k = -48.52k 

D = ^-(48.52) - 8 = 21.1 lb D = 21.11b| ◄ 
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PROBLEM 18.99 


* ~~~ 450 


150 nun 

A thin disk of mass m — 4 kg rotates with an angular velocity 


ox, with respect to arm ABC, which itself rotates with an 


1 Iv 

angular velocity o\ about the y axis. Knowing that co i = 5 rad/s 

c. 

W m ' \ j 

and ox =15 rad/s and that both are constant, determine the 



force-couple system representing the dynamic reaction at the 


^^225 mm support at A. 

2 


X 


SOLUTION 


Angular velocity of the disk. co = o\ j + a > 2 k = (5 rad/s)j + (15 rad/s)k 

Moments of inertia about principal axes passing through the mass center. 

j j 1 2 

l x , = I y = -mr 

= ^(4X0.150 m) 2 = 0.0225 kg-m 2 

I ' = — mr 2 = 0.045 kg-m 2 
z 2 


Angular momentum about mass center C. 

H c =TyCOyi + TyCOy} + Ty(Oyk 
= 0 + (0.0225)5j + (0.045)15k 
H c = (0.1125 kg-m 2 /s)j + (0.6750 kg-m 2 /s)k 


Rate of change of H c . Let the frame Axyz be turning with angular velocity Q = <yj. 

H c =(HcW+^xH c =0 + nxH c 
= 5 j x (0.1125j + 0.675k) = (3.375 N • m)i 

Position vector of Point C. 

r c/A = (0.450 m)i + (0.225 m)j 
Velocity of Point C, the mass cen ter of the disk. 

\ c = a\ x r c/A = 5 j x (0.45i + 0.225j) 

= -(2.25 m/s)k 

Acceleration of Point C. 

a c =etyxr CM +&)ijxv c =0 + 5jx(-2.25k)=-(11.25 m/s 2 )i 
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PROBLEM 18.100 

An experimental Fresnel-lens solar-energy concentrator can rotate about 
the horizontal axis AB, which passes through its mass center G. It is 
supported at A and B by a steel framework, which can rotate about the 
vertical y axis. The concentrator has a mass of 30 Mg, a radius of 
gyration of 12 m about its axis of symmetry CD, and a radius of gyration 
of 10 m about any transverse axis through G. Knowing that the angular 
velocities a\ and co 2 have constant magnitudes equal to 0.20 rad/s and 
0.25 rad/s, respectively, determine for the position 9 = 60° (a) the forces 
exerted on the concentrator at A and B, ( b ) the couple k applied to 
the concentrator at that instant. 
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PROBLEM 18.100 (Continued) 


Angular momentum about Point G . H G = IyOJyi'+1 0 ) j +I,a>M 

H c = m[(10) 2 ^i' + (\2) 2 (dJ + (10) 2 ® z k] 

= m(lOOa), cos<9i / + 144<y 2 sin#j' + 100(3^k) 
where m is the mass. m = 30,000 kg 

Acceleration of the mass center. 

Since the mass center lies at the center of the axle BA, a = 0 
Rate of change of angular momentum . 

Let the reference frame G : y z be turning with angular velocity Q = to 


where 


and 


He _ Ha'/: + x H c 

® Gx'y'z ~ tx'®x \' + Iyd) y i+I,6) z k 


= m\{\Qi) 2 (0 2 (O x sin^i , + (12) 2 <y 2 <y 1 costfj' + O] 


= m[(100)(0.25)(0.20) sin 60°i' + (144)(0.25)(0.20) cos 60° j'] 
= m(4.3301i , + 3.6j / ) 


•/ 

J 


k 


fix H c = m 


-a> 2 cos 0 co 2 sin 0 co x 

-lOOrt^cos# 144<y 2 sin6 ) 100^ 


= m[-AAa\a »2 sin 6\ - 44<y2 s i n #cos #k] 
= m[-(44)(0.20)(0.25) sin 60°i' 

+ (44)(0.25) 2 sin 60° cos 60°k] 

= m(-1.9053i , + l.1908k) 


Weight: 

Equations of motion . 
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PROBLEM 18.100 (Continued) 

Equate like components: 



i: - 32A y + 4.7088 x 10 6 =117 xlO 3 

A v = 143.5 x10 3 N 


j: 32A t = 57.158xl0 3 

A x = 1.786 xlO 3 N 


k: M 2 =- 35.724X10 3 


(a) 

Reaction at A. 

A = (1.786 kN)i + (143.5 kN)j ◄ 


EF = EF eff : B + A + W = 0 



B = -W - A = 294.3 xl0 3 j - 

A 


Reaction at B. 

B = —(1.786 kN)i + (150.8 kN)j ◄ 

(b) 

Couple M, k: 

M 2 k = -(35.7 kN • m)k ◄ 
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PROBLEM 18.101 

A 6-lb homogeneous disk of radius 3 in. spins as shown at the 
constant rate (O x = 60 rad/s. The disk is supported by the fork- 
ended rod AB, which is welded to the vertical shaft CBD. The 
system is at rest when a couple M 0 = (0.25 ft • lb)j is applied to 
the shaft for 2 s and then removed. Determine the dynamic 
reactions at C and D after the couple has been removed. 


SOLUTION 

Angular velocity of shaft CBD and arm AB: Q = co 2 j 

Angular velocity of disk A: co = j + <y,k 

Its angular momentum about A: H , = I x (O x \ + I y (O y j + Lco ; k = I v a > 2 j + l,o \k 

Let the reference frame Bxyz be rotating with angular velocity Q. 

= (W. A ) Axyz +QxH a 

= T y ti>2 j + T z o\ k + C6»,jx (/ v <y 2 j + 7,^ k) 

= T z co x co 2 i + T y co 0 j + T z d\ k 
= ^mr 1 a\co 2 i + ^mr 2 d)r,i + ^-nzr 2 ch l k 
Velocity and acceleration of the mass center A of the disk: 


v = ct*,jxci = -«y 2 k, 
a = d> 2 j x ci + co 2 j x v = -cd> 2 k - c<y 2 i 



Resolve into components. 

C x + D x = —mca> 2 
C, + D = -mcd> 2 
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PROBLEM 18.101 (Continued) 


ZM 0 — H 0 — H a + x ma 


= H a + (ci + bj) x (-cco ,k - c(o\ i) 
M 0 j+2bjx(C x i + C z k) = U A — mbcd> 2 i + mc 2 <y 2 j + mbc(Q 2 \i 




26C_i + M () j — 26C t k = m — r 0 \Oh - beco- 


Data : 

While the couple is applied, 
Rearranging Equation (1) 

At t = 2s, 

For t > 2s, 

From Equations (2), (3) 


j: M 0 = m 


. + m 


^-;• 1 +c , \co 2 i + m 


( 1 , . , , 
— r~d\+bco>, |k 
v 2 


1 2 . 2 

— r + c 

4 


oh 


k: C =- 

2b 


i 9 . , 9 ill ii. , 9 

— r + 6c<w D t =-— r'G + hoy, 


26 V 2 


C = — 
* 26 


G 


— r~a\( 0 ^ -bedh I D - —411 -1 ro\ 0 ) 2 + bcb) 2 
2 ) " 2b \ 2 j 


W=61b, r = 3 in. = 0.25 ft, b = 4 in. = 0.33333 ft, 
c = 5 in. = 0.41667 ft, a\=60 rad/s, d\- 0 


M n = 0.25 ft • lb 


oh 




0.25 


m ({ r 2 + c 2 ) ( 3 I 2 ) [}(0.25) 2 + (0.41667) 2 ] 

a> 2 = ( 0 * 2)0 + = 0 + (7.0899)(2) = 14.18 rad/s 

M q = 0, 0*2 = 0 


= 7.0899 rad/s" 


C, =- 


6 

32.2 


D, = - 


(2)(0.33333) 
6 

32.2 

(2)(0.33333) 


[0 + (0.33333)(0.41667)(14.1798r ] = -7.8054 lb 


[0 + (0.33333)(0.41667)(14.1798) 2 ] = -7.8054 lb 


6 

32.2 


c. = 

z (2)(0.33333) 
6 

D,=-^2- 

z (2)(0.33333) 


^(0.25) 2 (60)(14.1798)-0 

-^(0.25) 2 (60)(14.1798)-0 


= 7.4312 lb 

= -7.4312 lb 


( 1 ) 

(2) 

( 3 ) 


C = -(7.81 lb)i + (7.43 lb)k ◄ 
D = —(7.81 lb)i — (7.43 lb)k ◄ 
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'5 in. 



- 3 in. 


PROBLEM 18.102 

A 6-lb homogeneous disk of radius 3 in. spins as shown at the 
constant rate 0 ) ] = 60 rad/s. The disk is supported by the fork- 
ended rod AB, which is welded to the vertical shaft CBD. The 
system is at rest when a couple M 0 is applied as shown to the 
shaft for 3 s and then removed. Knowing that the maximum 
angular velocity reached by the shaft is 18 rad/s, determine (a) the 
couple M 0 , (b) the dynamic reactions at C and D after the couple 
has been removed. 


SOLUTION 


Angular velocity of shaft CBD and arm AB: Q = ( 0 2 \ 

Angular velocity of disk A: ft) = <y, j + <y,k 

Its angular momentum about A: H , = I x co x i + 1 (O j + 1,0 ),k = l +1 ; o \k 

Let the reference frame Bxyz be rotating with angular velocity Q. 

H a = (H A ) Axyz +OxH a 

= Tydh j + T z d> ] k + co 2 ix (T y C0 2 j + J z o\ k) 

= J z o\co 2 i + T y 0 J 2 j + 7,rqk 

= — mrco^cOyi H— mr 1 Qi} j + —mr 2 d\ k 


Velocity and acceleration of the mass center A of the disk: 

v = co 2 j x ci = -c<y 2 k, 
a = co 2 j x ci + 0 ) 2 j x v = -c<w 2 k - cco 2 i 




ZF = ZF eff = ma 
C t i + C v k + D x i + D_k = ma 

Resolve into components. 

C x +D X = -me OB 
C z + D, = —mca> 2 
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PROBLEM 18.102 (Continued) 


ZM 0 - H d - U A + r A/D x ma 


= H A + (ci + bj) x (-cry, k - c<y;i) 
A/ 0 j+2fcjx(C,i + C z k) = H„ — mbcd> 2 i + 7f?c“<yij + /nbcryyk 


, l , ,, 

2bC..i + M 0 j - 2bC x k =m\ —r a\co 2 -bcd> 2 \i + m 

C ] 

j: M 0 =77^-7' 2 +c 2 I 


2 , 2 


1 

— r“ + c 

4 y 


<yy + m| — r 2 rq +bca% ]k 


. ^ m[ 1 i . , o ' 

k: C x = -— ra\ + bca>, 

2b \2 j 


C, = — 
* 2b 


D =- 

2b 


r 2 0 \ +bc(0 2 


f 1 


— r~o\co, -bcb)-, D - - —r+bcco 2 

2 j " 2b 12 


( 1 ) 

(2) 

(3) 


Data: 


W = 6 lb, r = 3 in. = 0.25 ft, b = 4 in. = 0.33333 ft, 
c - 5 in. = 0.41667 ft, a\- 60 rad/s, a\- 0 


(a) While the couple is applied a> 2 = — = ^ = 6 rad/s 2 


From Equation (1) 


M 0 = m 


f 1 2 2 
-r+c- 1 0 , 


(h) For r > 3 s, 

From Equations (2), (3) 


32.2 
M 0 =0, co 2 - 0 


^(0.25) 2 +(0.41667) 2 


( 6 ) 


M 0 = (0.212 ft • lb)j ◄ 


C =- 


6 

32.2 


(2X0.33333) 


D = 


C, =- 


32.2 

(2X0.33333) 
6 

32.2 


[0 + (0-33333X0.41667)(18) 2 ] = -12.578 lb 


[0 + (0.33333)(0.41667)(18n = -12.578 lb 


(2X0.33333) 


ZX =- 


6 

32.2 


(2X0.33333) 


^ (0.25) 2 (60)(18) - 0 
-^(0.25) 2 (60)(18)-0 


= 9.4332 lb 

= -9.4332 lb 

C =-(12.58 lb)i +(9.43 lb)k ◄ 
D = -(12.58 lb)i - (9.43 lb)k ◄ 
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150 mm 

D 


PROBLEM 18.103 

A 2.5 kg homogeneous disk of radius 80 mm rotates with an 
angular velocity co l with respect to arm ABC, which is welded to 
a shaft DCE rotating as shown at the constant rate co 2 = 12 rad/s. 
Friction in the bearing at A causes 0 ) ] to decrease at the rate of 
15 rad/s 2 . Determine the dynamic reactions at D and E at a time 
when <y, has decreased to 50 rad/s. 


SOLUTION 

Angular velocity of shaft DCE and arm CBA: Q = a > 2 k 
Angular velocity of disk A: co = j + <y 2 k 

Its angular momentum about A: H A = I x co x i + I y O) j + 1,CO ,k = l,0)\\ + Cco 2 k 

Let the reference frame Cxyz be rotating with angular velocity Q. 

H a = (H a )Axyz + O X H, 

= I y o\ j + IM 2 k + C0 2 k X (T y o\j + J z a > 2 k) 

= -I y co 2 o\ i +1 y a\] + I.d > 2 k 

1 2 -1 2 ■ • I 2-i 

= ——mra^cOy l + —mr ciy + —mr(0 2 k 

Velocity and acceleration of the mass center A of the disk: 

v A - co 2 k x r 4/c = <w 2 k x (M - cj) = c<y 2 i + h<y 2 j 
a A - <y 2 k x r 4/c + <w 2 k x v A = ( cd > 2 - box; )i + (box + cool ) j 
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PROBLEM 18.104 

A 2.5-kg homogeneous disk of radius 80 mm rotates at the 
constant rate co x =50 rad/s with respect to arm ABC, which is 
welded to a shaft DCE. Knowing that at the instant shown shaft 
DCE has an angular velocity 0 ) 2 =(12 rad/s)k and an angular 
acceleration a 2 =(8rad/s 2 )k, determine (a) the couple which 
must be applied to shaft DCE to produce that acceleration, 
( b ) the corresponding dynamic reactions at D and E. 


SOLUTION 

Angular velocity of shaft DCE and arm CBA: Q = a > 2 k 
Angular velocity of disk A: ft) = o\ j + <y,k 

Its angular momentum about A: H A = I x co x i + I v O) y j + Eo),k - I y o\i + I.O) 2 k 

Let the reference frame Cxyz be rotating with angular velocity Q. 

Ha = (Ha ^Axyz + O x H A 

= I y d\j +I z ca 2 k +(a 2 kx(I y a) l j +I z (o 2 k) 

= -J y o) 2 a\ i + T y d\ j + I,co 2 k 

1 o ,1 2 • • 1 '’•i 

= ——mrco~,o\i + —mr tx\] + —mr"(0 2 k 

Velocity and acceleration of the mass center A of the disk: 

v A = oo 2 k x r Nc - co 2 k x (hi - cj) = cco 2 i + bco 2 j 
a A - a> 2 k x r A/c + co 2 k x v A = ( cco 2 - bco 2 )i + (b('o 2 + ca > 2 )j 
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PROBLEM 18.104 (Continued) 


Resolve into components. 


D x + E x = m^cba _ beo 2 ) 

D y + E = m(bco 2 + ca >2 ) 

= H £ = H a + r m x ma A = H A + (M - cj + Zk) x ma A 


Data: 


(a) 

C b ) 


2/k x (D x i + D y j) + M 0 k = H A + m(bla> 2 - cleo £ )i + m(clb) 2 + bicot )j + m{b + c")<y 2 k 

/ j 

-2lD y i + 2IDJ + M 0 k = m — r 2 co 2 a\ + blb} 2 - clco 2 \i 

v 2 


k: M n =; 


+ rd\ + cld> 2 -bleat |j + 

— r 2 +b 2 +c 2 I &>2 


1 2 i 2 2 

— r +& +c 
4 


<« 2 k 


7?l 


Dx 2/ 


m [ 1 


— r L a\ +cld) 2 - bleat I E x = —I r z d\ +cld>2 -bleat 

2j ) 2jI \ 2 


V 

^ 777 r 1 T , , . o | 777 f 1 2 , , . ,2 

D y = — — 7-"<y 2 <3^ + bleo 2 + c/<y 2 E y - — — reo 2 eo l + bleo 2 + clco; 
2 1 12 J 2/1 2 

777 = 2.5 kg, r- 80 mm = 0.08 m 

b — 120 mm = 0.12 m, c = 60 mm = 0.06 m, / = 150 mm = 0.15 m 
<x\ — 50 rad/s, d\- 0, co 2 - 12 rad/s, <y 2 = a 2 = 8 rad/s 2 


Af 0 = (2.5) 


—(0.08) 2 +(0.12) 2 + (0.06) 2 
4 


( 8 ) 


M 0 = (0.392 N • m)k ◄ 


D = 


(2)(0.15) 

D =——— 
y (2)(0.15) 


2 ' 5 [0+ (0.06)(0.15)(8)- (0.12)(0.15)(12) 2 ] = -21.0 N 


I(0.08) 2 (12)(50) + (0.12)(0.15)(8) + (0.06)(0.15)(12) 2 


= 28.0 N 
D = -(21.0 N)i + (28.0 N)j ◄ 


E = 


2-5 [-0 + (0.06)(0.15)(8) - (0.12)(0.15)(12) 2 ] = - 21.0 N 


(2X0.15) 
2.5 


Ey (2)(0.15) 
= -4.00 N 


--(0.08)-(12)(50) + (0.12)(0.15)(8) + (0.06)(0.15)(12)- 


E = -(21.0 N)i- (4.00 N)j ◄ 
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PROBLEM 18.105 




For the disk of Problem 18.99, determine ( a ) the couple Mj 
which should be applied to arm ABC to give it an angular 
acceleration a x = -(7.5 rad/s 2 )j when - 5 rad/s, knowing 
that the disk rotates at the constant rate op =15 rad/s, (b) the 
force-couple system representing the dynamic reaction at A at 
that instant. Assume that ABC has a negligible mass. 

PROBLEM 18.99 A thin disk of mass m — 4 kg rotates with 
an angular velocity 0 ) 2 with respect to arm ABC, which itself 
rotates with an angular velocity a\ about the y axis. Knowing 
that (0\ — 5 rad/s and 0 ) 2 - 15 rad/s and that both are constant, 
determine the force-couple system representing the dynamic 
reaction at the support at A. 


SOLUTION 


Angular velocity of the disk. co = o\ j + (0 2 k = (5 rad/s) j + (15 rad/s)k 

Moments of inertia about principal axes passing through the mass center. 

y y 1 2 

4 = I y = ~ mr 

= ~(4)(0.150 m) 2 =0.0225 kg-m 2 

f =—mr 2 =0.045 kg m 2 
z 2 


Angular momentum about mass center C. 

H c=4^' i + + 

= 0 + (0.0225)5j + (0.045)15k 
= (0.1125 kg • m 2 Is) j + (0.6750 kg • m 2 /s)k 

Rate of change of H c . Let the frame Axyz be turning with angular velocity Q = (Oj. 

H c = (H c ) Axyz + O x H c = T x d) x i + T y co y i + T z cb z k + Slx H c 
= 0 + (0.0225)(-7.5)j + 0 + 5j x (0.1125 j + 0.675k) 

= -(0.16875 N-m)j +(3.375 N-m)i 

Position vector of Point C. r CJA — (0.450 m)i + (0.225 m)j 
Velocity of Point C, the mass cen ter of the disk. 

v c = o\ x r c/A = 5j x (0.45i + 0.225j) = -(2.25 m/s)k 
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PROBLEM 18.106* 

A slender homogeneous rod AB of mass m and length L is made to 
rotate at the constant rate ah about the horizontal z axis, while frame 
CD is made to rotate at the constant rate a>\ about the y axis. Express as 
a function of the angle 6 (a) the couple Mj required to maintain the 
rotation of the frame, ( b ) the couple M 2 required to maintain the 
rotation of the rod, (c) the dynamic reactions at the supports C and D. 
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PROBLEM 18.106* (Continued) 

Rate of change of H c . We note that o\ and Oh are constant, while Ovaries with t, with 0-co 2 . 

1 ? 1 , 

H c = (H g ) Gx} „ +(1xH c =- — 7 MZr<w l (2cos200)i + — /nZr&)| (-2 cos 0sin 00) j 


Eq. (18.22) yields 


24 12 

,( 1 2 1 2 
+ <yjx — — mL a\ sin20i + — mL <y 2 k 


1 2 1 2 
= mL o\( 0 2 cos 20i - — mL o\ 0 \ sin 20j 

+ — mis ox sin 20k +—mlsoiohl 
24 ^ 12 ^ - 

1 , 1 2 

H g = — mlscOyOh (1 - cos 20)i - — mIsa\(Q 2 sin 20j 

+ — mis ot sin 20k 
24 ^ 


Equivalence of external and effective forces . 




M 


7 B UZ_ 
D 


A> Trmn&j.Oy 

P 

¥r c * / /, a' Klt 


'Yh £ - O 


( 

A 'mL\>.*sinU4 

ZY » h 


1 <WJ 
17 


Equating the moments of the variable couples: 

Lj x Ck + Af j j + M 2 k = H g 


1 , 1 2 

LCi + M j j + M 2 k = — mL" o\Oh (1 - cos 20)i - — mIsa\co 2 sin 20 j 

+ —— mis or sin 20k 
24 ^ 


Equating the coefficients of the unit vectors: 


1 

12 


j: M 1 =-—mIsa\a% sin20 


( 1 ) 


(a) Couple 


M, = —— rnIsa\co 2 sin 20j A 


k: M,= — mL OX sin 20 
2 24 ^ 
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PROBLEM 18.107 

A solid cone of height 9 in. with a circular base of radius 3 in. is supported by 
a ball-and-socket joint at A. Knowing that the cone is observed to precess about 
the vertical axis AC at the constant rate of 40 rpm in the sense indicated and that 
its axis of symmetry AB forms an angle /j = 40° with AC, determine the rate at 
which the cone spins about the axis AB. 


SOLUTION 


Use principal axes xyz with origin at A as shown. 


For the solid cone, 


r — 3 in. = 0.25 ft 


3 h 


h — 9 in. = 0.75 ft c — — = 0.5625 ft 
4 

, 3 2 ,, 3 f 

1——mr l = —m 

10 5 


2 . 1 2 


h H— r 
v 4 


3 ^ 

I' — I = —m 


,2 1 2 

h -r 


Angular velocity . 

spin: y/ about negative z axis 
precession: <f> about positive Z axis 

co = ^K-^k 

= (/>{ cos P k + sin /?j) - \j/ k 
co K - 0, co x =(j)sm/3, co r ~(j) cos [3 -if/ 

Angular momentum about fixed Point A . 

H a = I'(op + l'(O y j + lox’k 

= I'fi sin Pi+ l{pco& P-y/)k 
Let frame Axyz be rotating with angular velocity Q. 

Q = 0K = 0COS Pi +0sinpk 


Rate of change of H 


H a =QxH a = 


J 


k 

icos P 


0 0sin P 

0 /'^sin p Upcos p-y/) 
= -[(/' - 1) 0 2 cos P sin P + I0ip sin /?]i 
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PROBLEM 18.108 

A solid cone of height 9 in. with a circular base of radius 3 in. is supported by a 
ball-and-socket joint at A. Knowing that the cone is spinning about its axis of 
symmetry AB at the rate of 3000 rpm and that A B forms an angle p = 60° with 
the vertical axis AC, determine the two possible rates of steady precession of the 
cone about the axis AC. 


SOLUTION 

Use principal axes xyz with origin at A as shown. 


For the solid cone, 


r — 3 in. = 0.25 ft 


3 h 


h — 9 in. = 0.75 ft c = -— = 0.5625 ft 
4 

, 3 2 ,, 3 f 

I——mr l =—m\ 

10 5 


, 2,1 2 
h H— r 


3 ^ 


, 2 1 2 
h -r 


Angular velocity . 

spin: /// about negative z axis 

precession: <f> about positive Z axis 

co = ^K-^k 
= 0(cos P k + sin /?j) - ipk 
co x = 0, co y - ^sin p, co l = <^cos P~\j/ 
Angular momentum about fixed Point A . 

H a = l'co x i + l'co y j + Ico,k 

- I’cf) sin Pi+ l(pcosP-if/)k 
Let frame Axyz be rotating with angular velocity Q. 

Q = = (/) cos P\ + ^sin Pk 

Rate of change of H A . 

i j k 

H a =QxH a = 0 ^sin P (j) cos P 

0 IpsinP 1 (pcos P -ip) 
= -[(/'- 1) (f) 2 cos p sin p +101/.r sin /?]i 
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PROBLEM 18.109 

The 85-g top shown is supported at the fixed Point O. The radii of gyration of 
the top with respect to its axis of symmetry and with respect to a transverse axis 
through O are 21 mm and 45 mm, respectively. Knowing that c - 37.5 mm 
and that the rate of spin of the top about its axis of symmetry is 1800 rpm, 
determine the two possible rates of steady precession corresponding to 6 — 30°. 
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z 


PROBLEM 18.110 

The top shown is supported at the fixed Point 0 and its moments of inertia about 

*—-0-. 

its axis of symmetry and about a transverse axis through 0 are denoted. 


respectively, by I and I'. (a) Show that the condition for steady precession of 



the top is 



(I(O z - 7'^cos 0)if) = Wc 

o 

where cp is the rate of precession and 0 ) is the rectangular component of the 
angular velocity along the axis of symmetry of the top. ( b ) Show that if the rate of 



spin ij/ of the top is very large compared with its rate of precession (p, the 
condition for steady precession is hjf(p ~ Wc. (c) Determine the percentage error 
introduced when this last relation is used to approximate the slower of the two 
rates of precession obtained for the top of Problem 18.109. 
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PROBLEM 18.110 (Continued) 

(c) Data : m- 85 g = 0.085 kg 

W = mg = (0.085X9.81) = 0.83385 N 
I = mk 2 = (0.085X0.021) 2 = 37.485xl0~ 6 kg • m 2 
I = mk 2 x = (0.085)(0.045) 2 = 172.125xl0~ 6 kg • m 2 

c = 37.5 mm = 0.0375 m, \j/ = 1800 rpm = 188.496 rad/s 
6 > = 30° 

Substituting into Eq. (1), 

(0.83385)(0.0375) = [(37.485 xl0~ 6 )(188.496) - (134.64xl0 _6 )^cos30°]^ 

116.602x10^ ip 1 -7.0658xl0~V + 31.269xl0“ 3 =0 

(p = 30.299 ± 25.492 ('p = 4.807 rad/s, 55.791 rad/s 

From Eq. (2), * = ™ = ( °' 83385 f ° 3?5) = 4.425 rad/s 

ly (37.485x10~ 6 )(188.496) 

4 42S - 4 807 

% error = --—x 100%. % error =-7.95% ◄ 

4.807 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2145 







PROBLEM 18.111 

A solid aluminum sphere of radius 4 in. is welded to the end of alO-in.-long rod AB 
of negligible mass which is supported by a ball-and-socket joint at A. Knowing that 
the sphere is observed to precess about a vertical axis at the constant rate of 60 rpm 
in the sense indicated and that rod AB forms an angle /j = 20° with the vertical, 
determine the rate of spin of the sphere about line AB. 


SOLUTION 


Use principal axes x, y, z with origin at A. 

Angular velocity: 00 = ^sin /3i + (ip - ^>cos/?)k 

co x = ^sin p, co y = 0, (pcos /? 

Angular momentum about A: 


U A =I x CO x i + I y CO y i + I z CD z k 
= l'cp sin pi + I(\j/ - ^cos P )k 



Let the reference frame Axyz be rotating with angular velocity Q = rpsin p\ - (pens /ik. 

H^axH, 

= - (phf/ sin p + (I'~ 7)^sin P cos /?]j 
™ a =H a 

— mge sin /?j --(p[hf /sin P + (I'— 7)^bsin/7cos /?]j 
mge = 1 cpy/ — {l' — I)<p~ cos P 

7 W d'~I)(p 2 cos P | t _ 0 
mge mge 



CD 


Data : r = 4in. = 0.333 ft 

c — 10 in.+ 4 in. 

= 14 in. = 1.1667 ft, 
g = 32.2 ft/s 2 
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PROBLEM 18.112 

A solid aluminum sphere of radius 4 in. is welded to the end of a 10-in.-long 
rod AB of negligible mass which is supported by a ball-and-socket joint at A. 
Knowing that the sphere spins as shown about line AB at the rate of 600 rpm, 
determine the angle p for which the sphere will precess about a vertical axis at 
the constant rate of 60 rpm in the sense indicated. 


SOLUTION 


Use principal axes x, y, z with origin at A. 

Angular velocity: CO = ^bsin P'i + (iff- ^bcos /?)k 

co K =(psin/3, co = 0, co ; =i/c-(pcosj8 

Angular momentum about A: 


W A = 1 x co x \ + I y cOyi + I z coM 
- I'cp sin /3i + 1 (iff - ^cos /?) k 



Let the reference frame Axyz be rotating with angular velocity £2 = rpsin /ii - (pens (Jk. 

= - sin [i + (/' - l)cp sin f3 cos /?] j 

—mge sin /?j = sin ft + (l' - 7)^bsin/?cos /?] j 

mge = lcpif/ - (V — I)cp~ cos P 

Icpiff (I'-I)<p 2 cosP | 1 _ Q 
mge mge 



CD 


Data: 


r = 4 in. = — ft 
3 

c -10 + 4 = 14 in. 


14 

n 



g = 32.2 ft/s 2 
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PROBLEM 18.112 (Continued) 


m 

r 

m 

V 


2 2 _2 
' 5 ' ~~ 5 


(1 

- | = 0.04444 ft 
v- 


2 2 2 2 

- — r + c — — 
5 5 


= 600 rpm = 62.832 rad/s 



2 

f 7 l 

\3j 

+ 

« 


2 


= 1.4056 ft 2 

(p - -60 rpm = -6.2832 rad/s 


Substituting into Eq. (1), 

(0.044444)(-6.2832)(62.832) (1.40556 - 0.04444)(-6.2832) 2 , 

(32.2)(1.16667) (32.2)(1.16667) cos P + 

-0.46706 -1.43038 cos p +1 = 0 

cos^ = 0.37259 /? = 68.1° ◄ 
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PROBLEM 18.113 

A solid sphere of radius c — 3 in. is attached as shown to cord AB. The sphere is 
observed to precess at the constant rate <p= 6 rad/s about the vertical axis AD. 
Knowing that [5 = 40°, determine the angle 6 that the diameter BC forms with 
the vertical when the sphere (a) has no spin, ( b) spins about its diameter BC at 
the rate y/ - 50 rad/s, (c) spins about BC at the rate /// = -50 rad/s. 
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4 

{a 

PROBLEM 18.114 


~p\ 

A solid sphere of radius c — 3 in. is attached as shown to a cord AB of length 15 in. 
The sphere spins about its diameter BC and precesses about the vertical axis AD. 
Knowing that 9 = 20° and /i = 35°, determine (a) the rate of spin of the sphere, 

cjl> \ 

(b) its rate of precession. 

1 

i 

/rw \ 

1 6C. y \ 

' \ G \ 



cV> 
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PROBLEM 18.114 (Continued) 


From Equation (2), 

(32.2) tan 35° = (1.25 sin 35° + 0.25 sin 20°)$b 2 



4o 2 = 28.096 



(p = 5.3006 rad/s 


From Equation (3), 

(32.2X0.25)sin 15° _ (0 .025)^(5.3006)sin 20° 
cos 35° 


(a) 

iff - 56.119 rad/s 

^ = 56.1 rad/s A 

(b) 


(p = 530 rad/s A 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2153 





PROBLEM 18.115 

A solid cube of side c — 80 mm is attached as shown to cord AB. It is 
observed to spin at the rate if/ = 40 rad/s about its diagonal BC and to 
precess at the constant rate tp-5 rad/s about the vertical axis AD. 
Knowing that p = 30°, determine the angle (/) that the diagonal BC 
forms with the vertical. (Hint: The moment of inertia of a cube about an 
axis through its center is independent of the orientation of that axis.) 


SOLUTION 


/ 


CD 



D & 



i. Si 


Use centroidal axes x, y, z such that the z axis lies along the body 
diagonal BC and the x axis lies in the plane of A, B, C, and D. Let e be 
the length GB. 

s 


Moment of inertia: 


e =- c 

2 

, T , 1 2 

l r = C, = I = —me 

X y z 6 


Angular velocity: ® ^ tii (/// • (p cos 0 )k 

Angular momentum about the mass center G: 

H c = 1 x co x \ + [ y co y i + I z a),k = -I'(ps\n6i + I(i(/ + (pcosO)k 

Let the reference frame Gxyz be rotating with angular velocity 
Q = -<psin 0i + ^bcos 6>k 
H c = QxH c 

= \I(py/smG- (/'- l)qr sin^cos^Jj 
Acceleration of the mass center: 

a = (Zsin/?+ esm0)<p 2 -— 


IF = IF 


eff ■ 


+ 


: T cos P - mg =0, T — 


mg 


cos p 

+-—: T sin p = ma 

g tanP = (/sin P + e sin 6)qr 
+)l M g . = Tesvn(P -0) = H G 


mge sin (P - 9) 
cos P 


= Iy/cpsin 9-(l' - I)qr sin #cos 6 


( 1 ) 


(2) 


(3) 
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PROBLEM 18.116 

A solid cube of side c — 120 mm is attached as shown to a cord A B of length 
240 mm. The cube spins about its diagonal BC and precesses about the 
vertical axis AD. Knowing that 9- 25° and /i = 40°, determine (a) the rate of 
spin of the cube, ( b ) its rate of precession. (See hint of Problem 18.115.) 


SOLUTION 




^si'»^4es>»A€) 


Use centroidal axes x, y, z such that the z axis lies along the body 
diagonal BC and the x axis lies in the plane of A, B, C, and D. Let e be 
the length GB. 


Moment of inertia: 



Angular velocity: ® = ^ sinm ^ + P cos 

Angular momentum about the mass center G: 

H c = I X (Q X \ + l y (O y j + I z a> z k = -l'(p sin 9i +1 {ip + (p cos 60k 

Let the reference frame Gxyz be rotating with angular velocity 
Q = -<^sin 9i + ^>cos 0k 
H c = QxH c 

= [7 (p\jf sin 9- (/' -I)(p 2 sin0cos0]j 


Acceleration of the mass center: 


a = (Zsin/?+esin0)<p 2 -— 


ZF = XF eff : 


+t : T cos [5 - mg =0, T= mg 

cos p 

+-•—: TsinP-nia 

g tan fl = (l sin J3 + esin 9)(p 2 
+)ZM C . = Tes\n(J3- 9) = H c 


mge sin (J3 - 9) 
cos P 


= Iy/cpsin 9-(l' - l)(p~ sin 0cos 9 


( 1 ) 

(2) 

(3) 
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PROBLEM 18.117 



A high-speed photographic record shows that a certain projectile was fired 
with a horizontal velocity v of 2000 ft/s and with its axis of symmetry 
forming an angle j3-3° with the horizontal. The rate of spin /// of the 
projectile was 6000 rpm, and the atmospheric drag was equivalent to a 
force D of 25 lb acting at the center of pressure C P located at a distance 
c = 6 in. from G. (a) Knowing that the projectile has a weight of 45 lb and a 
radius of gyration of 2 in. with respect to its axis of symmetry, determine its 
approximate rate of steady precession. ( b ) If it is further known that the 
radius of gyration of the projectile with respect to a transverse axis through 
G is 8 in., determine the exact values of the two possible rates of precession. 


SOLUTION 

Choose principal centroidal axes x, y, z as shown. 

The symmetry (spin) axis is the z axis. 

Reduce the drag force to a force-couple system at the mass center. 

F = (D sin [3 - W cos P)i- (Z)cos j3-W sin J3 )k 
M c = Dc sin /?j 


■P 



For the occurrence of steady precession, the precession axis must be parallel to the drag force. 
Thus, G = p = 3°. 


(a) 


Using Equation (18.44), EM G = H c 

Dcsin P = {I(Q ; - I'tpcos 9)(ps\n 9 

Using p — 9 and 0 ) 7 = t/> + rpcos 9 gives 

hj/(p -1)<p 2 cos 9 - Dc 


Neglecting the quadratic term in cp, 


Data: 


, . - „ • Dc 

hj/cp ~ Dc (p~ — 

l¥ 

W 45 

IT =45 lb, m = — = -= 1.3975 slug 

8 32.2 


I = mk: = (1.3975)| — | = 0.0388205 slug • ft 


( 1 ) 


ij/ = 6000 rpm = 628.32 rad/s, c - — in. = 0.5 ft 

12 


(P- 


(25X0.5) 


(0.0388205X628.32) 


■ = 0.51248 rad/s 


(p ~ 4.89 rpm 4 
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PROBLEM 18.117 (Continued) 


(b) 


I' = ,nkl = (1.3975) 


12 


= 0.62112 slug ft 2 


/'-7 = 0.58230 slug-ft 2 


Substituting into Equation (1), 

(0.0388205)(628.32)^ - (0.58230)p 2 cos 3° = (25)(0.5) 

0.58150p 2 - 24.3912^ +12.5 = 0 

(p = 20.9727 ± 20.4538 

= 0.51890 rad/s, 41.427 rad/s (p = 4.96 rpm, 396 rpm A 
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PROBLEM 18.118 

If the earth were a sphere, the gravitational attraction of the sun, moon, 
and planets would at all times be equivalent to a single force R acting at 
the mass center of the earth. However, the earth is actually an oblate 
spheroid and the gravitational system acting on the earth is equivalent 
to a force R and a couple M. Knowing that the effect of the couple M is 
to cause the axis of the earth to precess about the axis GA at the rate of 
one revolution in 25,800 years, determine the average magnitude of the 
couple M applied to the earth. Assume that the average density of the 
earth is 5.51 g/cm 3 , that the average radius of the earth is 6370 km, 
and that I =jtnR 2 . (Note: This forced precession is known as the 
precession of the equinoxes and is not to be confused with the free 
precession discussed in Problem 18.123.) 


SOLUTION 

25,800 years = (25,800 yr)(365.24 day/yr)(24 h/day)(3600 s/h) 


= 814.16x10 9 s 


2 7T 

<p= n =7.7173xl0~ 12 rad/s 

814.16X10 9 

O jr 

\ir = = 72.935xl0~ 6 rad/s 

(23.93 h)(3600 s/h) 

Mass density of Earth: 

p — 5.51 g/cm 3 = 5510 kg/m 3 

Radius of Earth: 

R = 6370 km = 6.370xl0 6 m 

Mass of Earth: 

= ^(6.370 xlO 6 ) 3 (5510) = 5.9657 xlO 24 kg 


T = —mR 2 = — (5.9657x10 24 )(6.370x10 6 ) 2 

5 5 


= 96.827xlO 36 kg m 2 

Using Equation (18.44), 

M = (I co, - I'cpcos 0)(ps\n 0 


= [I\j/ + (l - I')<pcos6]<psm0 
= lif/cpsmO 

= (96.827 x 10 36 )(72.935 x 10‘ 6 )(7.7173 x 10“ 12 )sin 23.45° 

= 21.688xl0 21 N • m 


M =21.7xl0 21 N-m ◄ 
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PROBLEM 18.120 

(a) Show that for an axisymmetrical body under no force, the rate of precession can be expressed as 

lco 7 

^ = 7 — 

I cos# 

where <y_ is the rectangular component of co along the axis of symmetry of the body. (b) Use this result to 
check that the condition (18.44) for steady precession is satisfied by an axisymmetrical body under no force. 


SOLUTION 

(a) Angular velocity of the body: ft) = -<psin #i + co 2 k 

Its angular momentum about G: H c = —I'tp sin #i + Ia> 2 k 

Let the reference frame Gxyz be rotating with angular velocity Q, where 

Q = -^sin #i + cp cos #k 

H c = (H c ) Gxyz + Q x H c 

= 0 + (-<psin #i + ^bcos #k) x (-/'^sin Oi + 7<y_k) 

= l(pa>„ sin# - l'<p 2 sin#cos# 

For no force, H c = 0 

Hence, (Ia>_ - I'tpcos6)<psin@ = 0 or Ia> -I'ipcos9-0 (1) 

Solving for (p , cp- — 

I cos# 

(b) Comparing Equation (1) with Equation (18.44) yields XM 0 = 0, which is the condition for no force. 
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PROBLEM 18.121 

Show that the angular velocity vector ft) of an axisymmetrical body under no force is observed from the body 
itself to rotate about the axis of symmetry at the constant rate 

I'-I 

n = ——^z 

where co z is the rectangular component of co along the axis of symmetry of the body. 


SOLUTION 



Angular velocity of the body: 

co = -<^sin 61 + {cpcos 6 + y) k 


Let the reference frame Gxyz be rotating with angular velocity Q, where 



Q = -<psin 0\ + (pcos #j 


Angular acceleration of the body: 

a = Q > Gxyz +^XC0 



a = 0 + (pysm 6) 


The rate of change of angular velocity as observed from the body is -a. 

Assume that -a may be represented as the angular velocity vector rotating with angular velocity Zi + mj + nk. 


-a = (Zi + mj + nk) x (co x i + co, k) 

= mco, i + (nco x — l co,) j — mco x k 


Matching components: 

i: 0 = mco, m = 0 



j: - cpy sin 0 = nco x - Ico, 

(1) 


k : 0 = —mco x m = 0 


From Equation (1), - 

cpy sin 0 = -ncpsin 0 - l{cpcos 6 + y ) 


from which 

Z = 0 and n = y. 


Using Equation (18.44) with 

£M 0 = 0 yields Ico, - I'<pcos& = 0 


or 

lco ~ 

(pcos 6 — 


But 

Q . Ico, 
co, - y + <pcos0-y + -jf- 


Solving for y, 

I'-I 

y= j a z 


Using 

CO, = CO, and n — y yields 

V-! . 

n- ^ C0 Z . ◄ 
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PROBLEM 18.122 

For an axisymmetrical body under no force, prove (a) that the rate of retrograde precession can never be less 
than twice the rate of spin of the body about its axis of symmetry, ( b ) that in Figure 18.24 the axis of symmetry 
of the body can never lie within the space cone. 
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PROBLEM 18.123 

Using the relation given in Problem 18.121, determine the period of precession of the north pole of the earth 
about the axis of symmetry of the earth. The earth may be approximated by an oblate spheroid of axial 
moment of inertia I and of transverse moment of inertia I'- 0.99677. {Note: Actual observations show a 
period of precession of the north pole of about 432.5 mean solar days; the difference between the observed 
and computed periods is due to the fact that the earth is not a perfectly rigid body. The free precession 
considered here should not be confused with the much slower precession of the equinoxes, which is a forced 
precession. See Problem 18.118.) 


SOLUTION 



Angular velocity of the body: 

CO = -tpsinOi + {cpcosO + \j/)k 


Let the reference frame Gxyz be rotating with angular velocity Q.. where 



Q = -(psinOi + cpcosO] 


Angular acceleration of the body: a = 0 ) Gv , + Q x co 

The rate of change of angular velocity as observed from the body is -a. 

Assume that -a may be represented as the angular velocity vector rotating with angular velocity 



li + mj + nk. 



-a = (Zi + mj + 72k) x (cop + co, k) 



= -mCOA + (n(0 x - 1(0, j) - mCO x k 


Matching components: 

i : 0 = mco, 772 = 0 



j: -(py/sinO- nco x -1(0, 

(1) 


k : 0 = —m(O x m = 0 


From Equation (1), 

-cpif/ sin# = -ncpsinO-l{(pcos0+ y/) 


From which 

1-0 and 72 = iff. 


Using Equation (18.44) with 

£M 0 = 0 yields loo, - I'<p cos 0-0 


or 

a I( °z 

(pcosO — -jf- 


But 

, . 1(0, 

CO, =l/c + (pcos0 = l/c + —j~y 


Solving for \jf. 

I'-I 

V ~ J 
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PROBLEM 18.123 (Continued) 


Using 

CO = co, and n = /// yields n = ^ — — CO, 


Data for Earth: 

V = 0.9967/ 



/'-1 = -0.00337, 



0 0033 

n = co,= 0.00331 lty, 

0.9967 “ 

In 1 In In 

period = = 302.03 

Ini 0.003311 (O, C0 1 



= (302.03)(24 h) = 7248 h 

period = 302 days M 
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PROBLEM 18.124 

A coin is tossed into the air. It is observed to spin at the rate of 600 rpm about an axis 
GC perpendicular to the coin and to precess about the vertical direction GD. Knowing 
that GC forms an angle of 15° with GD, determine (a) the angle that the angular 
velocity to of the coin forms with GD, ( b ) the rate of precession of the coin about GD. 


SOLUTION 


1 2 

Moments of inertia: I = —mr 

2 

r/ 1 2 

I — — mr 
4 


Euler angle 6 for steady precession: 0 = 15° 

For axisymmetric body under no force, Equation (18.49) gives for the body cone angle: 


tan y- —tan# = 2tanl5° 
I 


/ = 28.187° 


(a) Angular velocity: CO = co{-i sin y+ k cos y) 

Its projection onto the vertical direction is 

cocos P = cok = co(-i sin 7 +k cosy) • (-sin#i + cos#k) 

= co(sin j^sin 6 + cos y cos 6) = ct)cos(y- 6) 

cos P = cos (y- 6) p = I y- #1 = 28.187° -15° = 13.187° 

Angle between co and vertical direction GD: fi - 13.19° A 


(b) 


from which 

With 


co, <psin# 

tan y- -- = — - - 

co z cpcosO+y/ 

lie sin y ii/ sin 28.187° 

cp = — - = - -= -2.0705tcc 

sin (6-y) -sinl3.187° 

\jf = 600 rpm, cp - (-2.0705)(600) \cp\- 1242 rpm (retrograde) A 
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PROBLEM 18.125 


o« 


15° 


The angular velocity vector of a football which has just been kicked is 
horizontal, and its axis of symmetry OC is oriented as shown. 
Knowing that the magnitude of the angular velocity is 200 rpm and 
that the ratio of the axis and transverse moments of inertia is HI' = T, 
determine (a) the orientation of the axis of precession OA, (b) the rates 
of precession and spin. 
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1.25 m 



PROBLEM 18.126 

The space capsule has no angular velocity when the jet at A is activated 
for 1 s in a direction parallel to the x axis. Knowing that the capsule 
has a mass of 1000 kg, that its radii of gyration are k = k y = 1.00 m 
and k = 1.25 m, and that the jet at A produces a thrust of 50 N, 
determine the axis of precession and the rates of precession and spin 
after the jet has stopped. 


SOLUTION 


Initial angular momentum about the mass center: 


H G = I x co x i + l y co y i + I z coM = 0 

Applied impulse at A: A At — (50 N)(l s)i = (50 N • s)i 

Its moment about the mass center G: 

r A/G x A At = [(2 m)j - (1.25 m)k] x (50 N • s)i 
= -(100 N • m • s)k - (62.5 N • m • s)j 

Principle of impulse and momentum. (Moments about G) 

(He )o = r A/c x A A t — H c 

where H c is the final angular momentum about G. 

0 + r GM x A At = (H c ) x l + (H G ) y j + (H c ) z k 
Angular momentum vector components: 

i: 0 = (H g ) x 

j: -62.5 N • m • s = ( H c ) y = -62.5 kg • m 2 /s 

k: -100 N • m • s = (H c ), = -100 kg • m 2 /s 

tan 9 = —= 0.625 

(H g ) z 


2 



9 = 32.005° ◄ 
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PROBLEM 18.126 (Continued) 


Moments of inertia: 


I x = inky = (1000 kg)(l m) 2 = 1000 kg • m 2 
I y = inky = (1000 kg)(l m) 2 = 1000 kg • m 2 
T z = mk z = (1000 kg)(l .25 m) 2 = 1562.5 kg • m 2 


Angular velocity vector components: 



co = yjaiy, + or, = 0.089455 rad/s. 


Rates of precession and spin. 


The angular velocity is resolved into a component (ft (rate of precession) parallel to H c and if/ (rate of spin) 
parallel to the axis of symmetry. "Z- 


Law of sines: 


y-G = 12.316° 


<p \jf _co 

sin y sin (y—G) sin# 

cosiny 0.089455 sin44.321° 

<p = -- =- 

sin# sin 32.005° 

. <y sin(r-#) 0.089455 sin 12.316° 

y/- - 1 -=- 

sin6> sin 32.005° 



Rate of precession: (ft = 0.1 179 rad/s 

Rate of spin: if — 0.0360 rad/s 


^ = 1.126 rpm A 
y/- 0.344 rpm A 


Since y > G, the precession is retrograde . 
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1.25 m 



PROBLEM 18.127 

The space capsule has an angular velocity CO— (0.02 rad/s)j + (0.10 rad/s)k 
when the jet at B is activated for 1 s in a direction parallel to the x axis. 
Knowing that the capsule has a mass of 1000 kg, that its radii of gyration 
are k, =k - 1.00 m and k - 1.25 m, and that the jet at B produces a 
thrust of 50 N, determine the axis of precession and the rates of precession 
and spin after the jet has stopped. 


SOLUTION 


Moments of inertia: 

T x = mk[ = (1000 kg)(l m ) 2 = 1000 kg • m 2 

J y = mky = (1000 kg)(l m ) 2 = 1000 kg • m 2 

T z = nik. 2 = (1000 kg)(l .25 m ) 2 = 1562.5 kg • m 2 

Initial angular velocity: 

(ty,)o=o 

( (O v ) 0 = 0.02 rad/s 
(a> z ) 0 = 0.10 rad/s 

Initial angular momentum about G: 


(^g) o - 1 x (a> x )o i + / y ifOy) 0 j + 1 z {o) z ) 0 k 


= (1000)(0)i + (1000)(0.02)j + (1562.5X0.10)k 
= (20 kg • m 2 /s)j + (156.25 kg • m 2 /s)k 

Applied impulse at B: 

B At = (50 N)(l s)i = (50 N • s)i 

Its moment about the mass center G: 


r B/c x B At = [(1.25 m)j + (2 m)k] x (50 N • s)i 


= (100 N • m • s) j - (62.5 N • m • s)k 

Principle of impulse and momentum. (Moments about G): 


(Hp )o + r B/G x B At - H c 

where H c is the final angular momentum about G. 
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PROBLEM 18.127 (Continued) 


Angular momentum vector components: 

i: 0+0 = (H g ) x =0 

j: 20kg • m 2 /s + 100 N • m • s = (H G ) y = 120 kg - m 2 /s 

k: 156.25 kg • m 2 /s - 62.5 N • m- s = (H G ) 7 = 93.75 kg • m 2 /s 


tan # = {Hc)y =1.28 



(H g ) 


G'z 


Angular velocity vector components: 


o 

h 

(H c ) y 120 

(O v = —=-= 0.12 rad/s 

y 1000 


CO. = = 0.060 rad/s 


1562.5 


i a, 


tan 7 = 2.0000 7=63.435° 




: ^ 


<y = Ja> y + co : = 0.134164 rad/s 





Rates of precession and spin. 

The angular velocity is resolved into a component cp (rate of precession) parallel to H c and /// (rate of spin) 
parallel to the axis of symmetry. 


Law of sines: 


Rate of precession: 
Rate of spin: 


y-Q = 11.434° 


(p \jf _co 

sin y sin( 7 -$) sin# 

cosiny 0.134164sin 63.435° 

cp- -- =- 

sin# sin 52.001° 

. _ cosin{y-9) _ 0.134164sin 11.434° 

sin# _ sin52.001° 



cp — 0.1523 rad/s A 
y/ = 0.0338 rad/s -4 


Since y > 0, the precession is retrograde . 
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PROBLEM 18.128 


Solve Sample Problem 18.6, assuming that the meteorite strikes the satellite at C with a 
velocity v 0 = (2000 m/s)i. 

PROBLEM 18.6 A space satellite of mass m is known to be dynamically equivalent to 
two thin disks of equal mass. The disks are of radius a — 800 mm and are rigidly 
connected by a light rod of length 2a. Initially the satellite is spinning freely about its 
axis of symmetry at the rate 0 ) t] - 60 rpm. A meteorite, of mass m 0 =m /1000 and 
traveling with a velocity v 0 of 2000 m/s relative to the satellite, strikes the satellite and 
becomes embedded at C. Determine (a) the angular velocity of the satellite immediately 
after impact, (b) the precession axis of the ensuing motion, (c) the rates of precession 
and spin of the ensuing motion. 
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PROBLEM 18.129 

An 800-lb geostationary satellite is spinning with an angular velocity 
COq = (1.5 rad/s)j when it is hit at B by a 6-oz meteorite traveling with 
a velocity v 0 = -(1600 ft/s)i + (1300 ft/s)j + (4000 ft/s)k relative to 
the satellite. Knowing that b = 20 in. andjhat the radii of gyration of 
the satellite are k x = k r = 28.8 in. and k y = 32.4 in.. determine the 
precession axis and the rates of precession and spin of the satellite 
after the impact. 


SOLUTION 


Mass of satellite: 


Principal moments of inertia: 


Mass of meteorite: 

Initial momentum of meteorite: 


W 

m — — 
g 


— = 24.845 lb • s 2 /ft 
32.2 


mk] =(24.845) 
143.106 lb s 2 ft 


28.8^ 
12 , 


2 


mky 


(24.845) 


'32.4 V 


= 181.118 lb -s 2 - ft 
I z = 7 V = 143.106 lb s 2 ft 

m = ---= 0.011649 lb • s 2 /ft 

(16X32.2) 

m'\ 0 = (0.011649)(-1600i + 1300j + 4000k) 

= -(18.633 lb-s)i + (15.140 lb-s)j +(46.584 lb-s)k 


Assume that the position of the mass center of the satellite plus the meteorite is essentially that of the satellite 
alone. 

Position of Point B relative to the mass center: 


f 42 . 20 .^1 

Hl2 1- T2 J J 

= (3.5 ft)i-(1.66667 ft)j 


Angular velocity of satellite before impact: 


co 0 =(1.5 rad/s)j 


«>*=«> z = 0, K) v 


1.5 rad/s 
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PROBLEM 18.129 (Continued) 


Angular momentum of satellite-meteorite system before impact: 

(^c)o = 1 + V H/G X ( m v o) 


= (181.118)(1.5)j + 


3.5 

-18.633 


j k 

-1.66667 0 

15.140 46.584 


= -(77.64 lb • s • ft)i + (108.637 lb• s• ft)j + (21.935 lb • s • ft)k 
Principle of impulse and momentum for satellite-meteorite system. Moments about G: 

(H c )i = (H g ) 0 = H c 

Angular velocity immediately after impact. 


co = co x i + co x j + <y,k 


Neglect the mass of the meteorite. 


H g = 1 X C0 X \ + lyCof] + LcoM 

7 fsA 

- = -0.54253 rad/s 

= 0.59981 rad/s 


(H g ) x 

-77.64 

h 

“ 143.106 

(H G ) y 

_ 108.637 

J y 

~ 181.118 

(h g ) z 

_ 21.934 

h 

“ 143.106 


= 0.15327 rad/s 


to = -(0.54253 rad/s)i + (0.59981 rad/s)j + (0.15327 rad/s)k 
(O = f 0.54253) 2 + (0.59981) 2 + (0.15327) 2 = 0.82317 rad/s 
Hq — ^/(77.64) 2 + (108.637) 2 + (21.935) 2 =135.319 lb-s-ft 

Motion after impact. Since the moments of inertia I x and /, are equal, the body moves as an axisymmetrical 
body with the y axis as the symmetry axis. 

Moment of inertia about the symmetry axis: I = I = 181.118 lb • s 2 • ft 

Moment of inertia about a transverse axis through G: /' = I x -1. - 143.106 lb • s 2 • ft 

The motion is a steady precession (j) about the precession axis together with a steady spin /// about the spin or 
symmetry axis. Since / > l'. the precession is retrograde. 
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PROBLEM 18.130 

Solve Problem 18.129, assuming that the meteorite hits the satellite at A 
instead of B. 

PROBLEM 18.129 An 800-lb geostationary satellite is spinning with 
an angular velocity a) 0 =(1.5rad/s)j when it is hit at B by a 6-oz 
meteorite traveling with a velocity v 0 = -(1600 ft/s)i + (1300 ft/s)j + 
(4000 ft/s)k relative to the satellite. Knowing that b- 20 im and that the 
radii of gyration of the satellite are k x -k r - 28.8 in. and k = 32.4 in., 
determine the precession axis and the rates of precession and spin of the 
satellite after the impact. 


SOLUTION 


Mass of satellite: 


Principal moments of inertia: 


Mass of meteorite: 

Initial momentum of meteorite: 


m = — = — = 24.845 lb • s 2 /ft 
g 32.2 


I x = ink; = (24.845) 


I y = mky = (24.845) 


^ 28 ' 8 ^ = 143.106 lb-s 2 -ft 
12 ' 


f 32.4 A 


v 12 j 


= 181.118 lb s" ft 


I,= I x = 143.106 lbs ft 


6 - = 0.011649 lb s 2 /ft 


(16X32.2) 


m\ = (0.011649)(-1600i + 1300j +4000k) 

= -(18.633 lb• s)i + (15.140 lb• s)j + (46.584 lb• s)k 


Assume that the position of the mass center of the satellite plus the meteorite is essentially that of the satellite 
alone. 

Position of Point A relative to the mass center: 


42 

r A/G =— i = (3-5 ft)i 

Angular velocity of satellite before impact: 

co 0 = (1.5 rad/s)j, (, eo 0 ) x = (co 0 ) 7 = 0, (ca 0 ) y = 1.5 rad/s 
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PROBLEM 18.130 (Continued) 


Angular momentum of satellite-meteorite system before impact: 

(^G)o = bj + r A!G X ( w V 0) 


= (181.118)(1.5) j + 


3.5 

-18.633 


j 

0 

15.140 


k 

0 

46.584 


= (108.637 lb • s • ft)j + (52.99 lb • s • ft)k 

Principle of impulse and momentum for satellite-meteorite system. Moments about G: 

(Hg)i = (He )o = H c 

Angular velocity immediately after impact. 

co = co x i + 0 ).\ + coM 


Neglect the mass of the meteorite. 


K G = 1 x co x \ + lco\ + I 7 coM 


xx y y* z z 

co. AJAX. 0 

I 

X 

(■ H c) y 108.637 A _ nnc . ,. 

co v = — =-?- -= 0.59981 rad/s 

y 181.118 


= WgU = 52 ~" = 0.37028 rad/s 
L 143.106 


co = (0.59981 rad/s)j + (0.37028 rad/s)k 
co = (0.59981) 2 + (0.37028) 2 = 0.70490 rad/s 
H c =yj( 108.637) 2 + (52.99) 2 = 120.872 lb s-ft 


Motion after impact. Since the moments of inertia 1 x and I, are equal, the body moves as an axisymmetrical 
body with the y axis as the symmetry axis. 

Moment of inertia about the symmetry axis: 

I = J y =181.118 lb s 2 ft 

Moment of inertia about a transverse axis through G: 

I'= T x = T Z = 143.106 lb s 2 ft 

The motion is a steady precession 0 about the precession axis together with a steady spin /// about the spin or 
symmetry axis. Since 1 > I', the precession is retrograde. 
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PROBLEM 18.131 

A homogeneous rectangular plate of mass m and sides c and 
2 c is held at A and B by a fork-ended shaft of negligible 
mass, which is supported by a bearing at C. The plate is free 
to rotate about AB, and the shaft is free to rotate about a 
horizontal axis through C. Knowing that, initially, Q {) = 40°, 
0 {) = 0, and <f) 0 = 10 rad/s, determine for the ensuring motion 
(a) the range of values of 0, ( b) the minimum value of <j>, 
(c) the maximum value of 6. 
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PROBLEM 18.132 

A homogeneous rectangular plate of mass m and sides c and 
2 c is held at A and B by a fork-ended shaft of negligible 
mass which is supported by a bearing at C. The plate is free 
to rotate about AB, and the shaft is free to rotate about a 
horizontal axis through C. Initially the plate lies in the plane 
of the fork (6 {) = 0) and the shaft has an angular velocity 
<j> {) = 10 rad/s. If the plate is slightly disturbed, determine for 
the ensuring motion (a) the minimum value of <p, ( b ) the 
maximum value of 0. 
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PROBLEM 18.133 

A homogeneous disk of radius 180 mm is welded to a rod AG of length 
360 mm and of negligible mass which is connected by a clevis to a 
vertical shaft AB. The rod and disk can rotate freely about a horizontal 
axis AC, and shaft AB can rotate freely about a vertical axis. Initially, 
rod AG is horizontal (9 0 = 90°) and has no angular velocity about AC. 
Knowing that the maximum value 0 m of the angular velocity of shaft 
AB in the ensuing motion is twice its initial value (p {) , determine (a) the 
minimum value of 9, ( b ) the initial angular velocity (f) {] of shaft AB. 


SOLUTION 

Let the Z axis be vertical. 

For principal axes xyz with origin at A, the principal moments of inertia are 

/'= /,. = /„ 

17 , 


— a 2 + (2a) 2 
4 


, j 1 2 

I -1, = —ma 
z 2 


- ma 


Angular velocity components: co x = <ps\n 6 


Angular momentum about A: 


Kinetic energy: 


Potential energy: 


co y = -0 

co z = if/ + cpcos9 

H 4 = l f co x i + I y cjjJ+ I.oxk 
= I'cp sin 9\ - l'9j + 7<y„k 

T = -I x a> 2 + -iy y +-I z a> 2 z 

T = -I'((p 2 sin 2 9 +8 2 ) + -Ico: 
2 2 

V - -2mga cos 9 


Conservation of angular momentum about fixed Z axis: 

• K = • (i sin 9 + k cos 9) 

= l'(psin 2 9 + la>_ cos 9 


17 1 

= —m« 2 <pskr 9 H— ma 2 a), cos 9 — a 
4 2 



where a is a constant. 
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PROBLEM 18.134 

A homogeneous disk of radius 180 mm is welded to a rod AG of length 
360 mm and of negligible mass which is connected by a clevis to a 
vertical shaft AB. The rod and disk can rotate freely about a horizontal, 
axis AC, and shaft AB can rotate freely about a vertical axis. Initially, 
rod AG is horizontal (9 0 = 90°) and has no angular velocity about AC. 
Knowing that the smallest value of 9 in the ensuing motion is 30°, 
determine (a) the initial angular velocity of shaft AB, (b) its maximum 
angular velocity. 


SOLUTION 

Let the Z axis be vertical. 

For principal axes x, y, z with origin at A, the principal moments of inertia are 

/' = /=/„ 


r? 


—a 2 + (2a) 2 
4 


, , 1 2 

l — 1 _ = — ma 
z 2 


17 2 

—ma 
4 


Angular velocity components: co x = <p sin 6 


Angular momentum about A: 


Kinetic energy: 


Potential energy: 


co y = -9 

co, = iff + cp cos 9 
H A =I x a> x i + I y a> y j + I z a> z k 
= l'<p sin 9\ - I'9j + IcoM. 

T= { -iA+\h4 + \ ] z4 

T =—l\(p 2 sin 2 9 + 9 2 ) + -Ico 2 

2 2 


V = -Imga cos 9 


Conservation of angular momentum about fixed Z axis: 

is 

= l'cpsin 2 9 +1 CO . cos 9 


-K = H a • (isint? + k cos 9) 


17 1 

: — ma 2 cp sin" 9 + —ma 2 CO- cos 9 = a 
4 2 



where a is a constant 
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PROBLEM 18.135 

The slender homogeneous rod AB of mass m and length L is free to rotate about a 
horizontal axle through its mass center G. The axle is supported by a frame of negligible 
mass which is free to rotate about the vertical CD. Knowing that, initially, 0 = 0 O , 6 - 0, 
and <p = <j>Q, show that the rod will oscillate about the horizontal axle and determine (a) the 
range of values of angle 6 during this motion, (b) the maximum value of 6, ( c ) the 
minimum value of 0. 


SOLUTION 

Angular velocity . 

Using the coordinate axes x, y, z shown (with y running into the paper), we have 


to = -0sm 6i + 6} + 0 cos #k 

Moments of inertia . 

For slender rod of length L are mass m: 

l=Ty 

= —mL 2 
12 

4=0 

Conservation of energy . 

Since the x, y, z axes are principal axis, we use 


= —(I r col + 7 v ty 2 + 


r= T (; 


1 * y^y 


i-A) 


2 

1 


— ml}0 1 sin 2 0 + — mL 2 0 2 + 0 
12 12 

r2 /12 . Z<2\ 


T = —mL {0 sin-6> + 6>-) 
24 


Using a datum through G, we have V = 0. 

T + V = constant: —ml}(dr sin 2 6+ 6 1 ) — constant 
24 

Recalling the initial conditions 9 = 0 O , 0 = 0, dp = 0 O , we determine the constant and write 


dr sin 2 0 + 9 2 - dr sin 2 0 n 



( 2 ) 


(3) 


(4) 
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PROBLEM 18.135 (Continued) 


Conservation of angular momentum . 

Since the only forces exerted on the rod are its weight and the reaction at G, we have IM C = 0. 
Using a fixed reference frame GXYZ, with Z directed vertically upward, we have from Eq. (18.2) 

H c =ZM c =0 

or, integrating with respect to the frame GXYZ, 

H c = constant 

Considering the vertical component of H c , 


H z = constant 


But 


Thus, 


H z = H z cos 6 - H x sin 6 = Lco z cos 0 - l x co x sin 6 
= 0 — — mis (-0sin 0) sin 6 


H 7 — —mlsib sin 2 0 = constant 


12 


Recalling the initial conditions, we obtain 


isin 0 - (L sirr 


Solving Eq. (5) for (/) and substituting into Eq. (4): 


f i sin2 0 q Y 

v sin 2 6 j 


sin’ 9 + if' = (bn. sin 2 0 n 


6 2 = (pi sin 2 0 O 


\ sin 2 6> 0 ^ 
sin 2 6 


(a) Range of values of 6 . 

Since 6 > 0, we must have 


i-4fA>o 

sin" 6 

sin 2 9 > sin 2 9 0 
Isin^l^lsin^Q I 


From trigonometric circle, we conclude that the range is 

Rod oscillates about axle and about horizontal line (dashed line). 


(5) 


( 6 ) 
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PROBLEM 18.136 

The gimbal ABA'B', is of negligible mass and may rotate freely about the vertical 
AAA. The uniform disk of radius a and mass m may rotate freely about its diameter 
BB\ which is also the horizontal diameter of the gimbal. (a) Applying the principle 
of conservation of energy, and observing that, since YM ^ = 0, the component of 
the angular momentum of the disk along the fixed axis AA' must be constant, write 
two first-order differential equations defining the motion of the disk. ( b ) Given the 
initial conditions 0 t) ^ 0,(f) t] - 0, and 6 {) = 0, express the rate of nutation 6 as a 
function of 0. (c) Show that the angle 0 will never be larger than 0 O during the 
ensuing motion. 


SOLUTION 

We use a reference frame Cxyz attached to the disk as shown. The angular velocity of the disk is 

(0 = 0k + 6 j 

co = -0 sin 9 i + 9 j + 0 cos #k 

(a) Conservation of energy: T + V — constant 

Since V — constant, we have 

T = constant. 

For principal centroidal axes and v = 0, the kinetic energy is given by 

T=\uM+i y o/ y+ i z 4) 



But 


j t 1 2 r 1 2 

l r - I y =—ma , 1 =—mci 

x y 4 z 2 


Using the components of CO computed above: 


We have therefore 


rr 1 2 ;2 . 2^,1 2A2 , 1 2 „ 2 n 

T =—ma 0 sin 6 >+—ma 6 H —ma (Os 0 
8 8 4 

T = - ma 2 [(1 + cos 2 0)0 2 + 0 2 ] 


(1 + cos 2 0)0 2 + G 2 = constant 


;■ t 


a) ■* 
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PROBLEM 18.136 (Continued) 


We now determine the angular momentum H c : 

W c =Iz(o x \ + IyCOyi+I z coM 


= — mere/) sin 0i + ma 2 0 j + ^ ma 2 0 cos 0k 


Since //_ = constant, we write 

//_ = H c • K = constant 

1 2 ■ • • 

— maT (-ip sin 0i + 0j + 20 cos 0k) • K = constant 

Since i • K = - sin 0, j • K = 0, k K = cos 0, we have 
0sin 2 0 + 20cos 2 0 = constant 
0(1 + cos 2 0) = constant 

(b) We determine the constants in (1) and (2) from the initial conditions 0 O , 0 

(l + cos 2 0)0 2 +0 2 = (l + cos 2 0 o )0 2 
0(1 + COS 2 0) = 0 O (1 + COS 2 0 Q ) 

• 1 + cos 2 0 n 


0 O = 0, and write 


( 2 ) ◄ 

(10 

(20 


Solving (20 for 0: 


1 + cos - 0 


Substituting into (F): 

(1 + COS 2 0 O ) 2 - 2 , - 2 




1 + cos 2 0 


00 +0" =(1 + COS-0 O )0 O - 


0 2 = 0Q (1 + COS 2 0Q) 


1 + cos 2 0 O ' 


1 + cos" 0 


oy 


0 = ( 


(1 + cos 2 0 O )(cos 2 0 - cos 2 0 O ) 


1 + COS" 0 


(c) For 0 to be real, we need cos" 0 O - cos" 0 (| > 0 


Thus 


I cos 01 > Icos0 o l 


Assuming that the axes have been chosen so that 0 O < 90°, we must have 

cos 0 > cos 0 n 


0<0 O 4 
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PROBLEM 18.137* 

The top shown is supported at the fixed Point O. Denoting by (])■. 9 , and 
I// the Eulerian angles defining the position of the top with respect to a 
fixed frame of reference, consider the general motion of the top in 
which all Eulerian angles vary. 



(a) Observing that X/Vf z = 0 and EM. = 0, and denoting by I and 
I', respectively, the moments of inertia of the top about its axis 
of symmetry and about a transverse axis through O, derive the 
two first-order differential equations of motion 

l\i> sin 2 9 + I(i// + <t >cos 9)cos9- a 

I(i/s + 0cos9) = [5 

where a and ft are constants depending upon the initial conditions. 
These equations express that the angular momentum of the top is 
conserved about both the Z and z axes, i.e., that the rectangular 
component of H 0 along each of these axes is constant. 


(. b ) Use Eqs. (1) and (2) to show that the rectangular component (O. of 

the angular velocity of the top is constant and that the rate of 
precession (f> depends upon the value of the angle of nutation 0. 


SOLUTION 



Use a rotating frame of reference with the y axis pointing into the paper. 

Angular velocity of the frame: 

Q = -0sin<9i + <9j-l-0cos#k 
Angular velocity of the top: 

co = -^sintfi + f?j + (^ + ^cos #)k 
Its angular momentum about O: 

U 0 = ] X Q) X \ + lyCQyi + l 7 Oj 7 k 

= -I'tj) sin 9\ + I'9j +1 (ifi/ + <j> cos #)k 
where I x = I = I' and /_ = I . 

The moment M 0 about O is due to the weight mg. 

M 0 = myc sin 9\ 

(a) Since the fixed Z axis refers to a Newtonian frame of reference and 
(M 0 ) z = 0, it follows that (H 0 ) z is constant. Thus, 

( H a ) z = H 0 • K = H 0 • (—i sin 9 + k cos 9) 

— /^sin 2 9 + I{\j/ + (j)cos9 )cos 9 — a (1) A 

where a is a constant. 
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PROBLEM 18.138* 



(a) Applying the principle of conservation of energy, derive a third differential 
equation for the general motion of the top of Problem 18.137. 

(b) Eliminating the derivatives (f> and if/ from the equation obtained and 
from the two equations of Problem 18.139, show that the rate of nutation 
0 is defined by the differential equation 0 1 = f(9), where 


m=jj 


B 

2E- — - 


2mgc cos 6 


f a - f3 cos 9 x 
I'sin 9 


(c) Further show, by introducing the auxiliary variable x = cos 9, that the 
maximum and minimum values of 9 can be obtained by solving for x 
the cubic equation 


( 


V 


B 1 

2E~2 mga 


(1 -X )-—(a-J3xf =0 
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PROBLEM 18.139 

A solid cone of height 180 mm with a circular base of radius 60 mm is 
supported by a ball and socket at A. The cone is released from the position 
0 {] = 30° with a rate of spin y/ {] = 300 rad/s, a rate of precession 
(/)q = 20 rad/s, and a zero rate of nutation. Determine (a) the maximum 
value of 0 in the ensuing motion, ( b ) the corresponding values of the rates 
of spin and precession. [Hint: Use Eq. (2) of Prob. 18.138; you can either 
solve this equation numerically or reduce it to a quadratic equation, since 
one of its roots is known.] 
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PROBLEM 18.139 (Continued) 


After dividing by m, Equation (2) of Problem 18.138 becomes 


F(x) = 


A 


- -y- - 2 gcx 




a fix 


113.0394 - 


(0.342706) 2 
1.08 xlO“ 3 


- (2)(9.81)(0.135)x 


(1 - x z ) - 


2 , (0.396692 - 0.342706.r) 2 


19.98x10 


-3 


= 0 


= 0 


(4.29198 - 2.6487x)(l - x 2 ) - 5.87825(1.157529 - x) 2 = 0 


(a) Roots are: x = cos 9 - 0.68170, 0.86603, 2.2919 

<9 max = cos“‘(0.68170) = 47.023° 

(b) By Equation (4) of Problem 18.137, 

,_a-p cost? _ 0.396692 - (0.342706)(0.68170) 


= 47.0° ◄ 


/'sin 2 0 

CO- = 317.32 rad/s 


(19.98 xlO -3 )sin 2 47.023° 


V = co z - <f>cos0 = 317.32 - (15.2474)(0.68170) 


= 15.2474 

spin: /// = 307 rad/s A 
precession: 0 = 15.25 rad/s A 
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PROBLEM 18.140 (Continued) 


After dividing by m, Equation (2) of Problem 18.138 becomes 


Fix) = 


A 


- 2 gcx 


( l -* 2 P* 


= 0 


97.3419 - 


(0.320259) 2 
1.08 xlO -3 


- (2)(9.81)(0.135);c 


(1 - -r) - 


2 , (0.257372 - 0.320259x) 2 


19.98x10 


-3 


= 0 


(2.37324 - 2.6487x)(l - x 2 ) - 5.13342(0.80364 - x) 2 = 0 


(a) Roots are: 


x = cos # = 0.23732, 0.86603, 1.73 


(b) 


# max = cos“ 1 (0.23732) = 76.272° 

By Equation (4) of Problem 18.137, 

• _ a- jScos0 = 0.257372 - (0.320259)(0.23732) 
/'sin 2 # ~ (19.98 xl0“ 3 )sin 2 76.272° 

CO- = 296.536 rad/s 

V = co z - cjccos 0 = 296.536 - (9.6192)(0.23732) 


# max =76.3°4 


9.6192 rad/s 


spin: if/ = 294 rad/s 4 
precession: <j> = 9.62 rad/s A 


0 c ) 


a - /3 cos 6 
/'sin 2 # 


= 0 


_ a 0.257372 

COS U = — = - 

p 0.320259 


0 = 36.5° ◄ 
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PROBLEM 18.141* 

A homogeneous sphere of mass m and radius a is welded to a rod AB of negligible 
mass, which is held by a ball-and-socket support at A. Th e sphere is released in the 
position [3 — 0 with a rate of precession (j) {] = flg/lla with no spin or nutation. 
Determine the largest value of P in the ensuing motion. 


SOLUTION 


Conservation of angular momentum about the Z and z axes . 

Since the only external forces are the weight of the sphere and the reaction at A, a reasoning similar to that 
used in Problem 18.109 shows that the angular momentum is conserved about the Z and z axes. 

Choosing the principal axes Axyz shown (with y horizontal and pointing into the paper), we have 


The moments of inertia are 


Angular momentum about A: 


co = -^cos pi + /?j + (ip - 0sin P) k 


/ 2 2 

l — — ma 

z 5 

1 I 2 2 n .2 22 2 

I r =L,=—ma + m(2a) =—ma 
x y 5 5 

H, = l x co x i + I y co y j + I,(o z k 



V 


H 


22 

T 


22 

T 


A = — —ma</> cos p\+—ma~ P) +—ma(y/ - <f> sin P) k 


2 

5' 


We write H_ = constant, or H A K = constant 
Since i• K =-cos/?, j-K = 0, k-K = -sin/? 


22 

H 0 K = — —ma(j) cos/?(—cos P) 

2 

+ — ma 2 (ip — ^sin /?)(—sin P) = constant 


With the initial conditions <ft = <j> 0 , ip = p = 0, P = 0, we find that the constant is 2j-ma 2 <j) 0 . Thus, 

ll^cos 2 P - (ip -(f )sin p )sin /? =11 (j) {] 


( 1 ) 
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PROBLEM 18.141* (Continued) 


We now write H = constant: 

2 

H_ = —ma 2 (Y ~ 0si n P) ~ constant 

and, from the initial conditions, we find that the constant is zero. Thus, 

y/-(/) sin/? = 0 

Conservation of energy . 

We have 

T=\dM+iA+ I z 4) 


(2) 


T = - 
2 


22 22-2 
—ma 2 (j) 1 cos 2 ft +—ma 2 j3 2 +—ma 2 {if/ - 0sin /3) 2 


and selecting the datum at f3 — 0: 
V = -2 mga sin ft 


T + V — constant: 


1 


22 

—ma 2 (j) 2 cos 2 P + ^-ma z p L +^ma z (y/- 0sin/?) 2 


■ 2mga sin P = constant 


From the initial conditions 0 = 0 O , iff - P - 0, /i = 0, we find that the constant is fa. Thus, 


110 2 cos 2 P + lip 2 +{y/ - 0sin Pf -10—sin P = \\(fc 

a 

Substituting for /// - (/isin P from Eq. (2) into Eqs. (1) and (3): 


42 


1 l^cos 2 P = 1 10 f) 
110 2 cos 2 P +11 p 2 -10—sin P -1 10q 


Eq. (1): 

Eq. (3): 

Solving (T) for 0, 

Substituting for 0 from Eq. (4) into Eq. (3'): 

,2 n \2 , 


> = 0 O sec 2 P 


11(0 O sec 2 6) 2 cos 2 P +11 p 2 - 10—sin P - 110 o 

a 


*2 


(3) 

(0 

(3') 

(4) 

(5) 


For the maximum value of p, we have p - 0 and Eq. (5) yields 

^of = 7T“ sin /^ 


vcos" 0 


<Pl 


11 a 

10 g cos 2 P 
11a sin P 


( 6 ) 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2204 




PROBLEM 18.141* (Continued) 


Given data: if, = ly— • Substituting into Eq. (6), 


17 g 10 g cos 2 /? 2 n . - • o 

11 a 11 a sin /? 


Letting cos 2 /? = 1 - sin 2 /?, we have 


sin 2 /? + 1.7 sin /? -1 = 0 


Solving the quadratic, 


sin /? = -2.162 (impossible) and sin/? = 0.46244 

Anax = 27.5° ◄ 
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PROBLEM 18.142* 

A homogeneous sphere of mass m and radius a is welded to a rod AB of negligible 
mass, which is held by a ball-and-socket support at A. The sphere is released in the 
position /3 - 0 with a rate of precession (j) = <p () with no spin or nutation. Knowing 
that the largest value of (3 in the ensuing motion is 30°, determine (a) the rate of 
precession tp {] of the sphere in its initial position, (b) the rates of precession and spin 
when /3 = 30°. 


SOLUTION 

Conservation of angular momentum about the Z and ~ axes . 

Since the only external forces are the weight of the sphere and the reaction at A, a reasoning similar to that 
used in Problem 18.109 shows that the angular momentum is conserved about the Z and z axes. 

Choosing the principal axes Axyz shown (with y horizontal and pointing into the paper), we have 

CO = -^cos P'i + f3\ + (\j/ - ^sin /?)k 


The moments of inertia are 


, 2 2 
1 _ = — ma 
z 5 

2 2 2 22 2 
I = / = —ma + m(2a)~ = —ma 
y 5 5 


Angular momentum about A: 



H 


I x oj x i + 1 y ajj + 1 z coM 


22 22 • 2 
H a = -—ma 2 (j) cos /3i + —ma 2 fij + —ma 2 (y/ — (j> sin /?)k 


We write H, = constant, or H . ■ K = constant 


Since i K = - cos /?, 


j • K = 0, k • K = -sin (3 
22 

H 0 K = — —ma 2 0 cos/?(— cos /?) 


2 

+ ^-ma 2 (i/s -<j) sin /?)(— sin /?) = constant 

With the initial conditions <j> = <pQ, \j/ - j3 - 0, [3 - 0, we find that the constant is -y-ma 2 ^ 0 . Thus, 

1 l^cos 2 f3-(\jf-(j) sin P) sin P - 110 o 


( 1 ) 
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PROBLEM 18.142* (Continued) 


We now write H 7 = constant: 

2 

H_ = ^ma 2 (ijf-(f) sin J3) = constant 

and, from the initial conditions, we find that the constant is zero. Thus, 

y/ -^sin/? = 0 

Conservation of energy . 

We have 

T=\d x G) 2 x +I y (0 2 y +I z CD 2 z ) 


( 2 ) 


T = 


22 22-2 

—ma 1 (j) 1 cos 2 /? + — ma 1 ft 2 + —ma 2 (\jf — 0sin /?) 2 


and, selecting the datum at jB -0: 
V = -2 mga sin /? 


T + V — constant: — 
2 


22 2 12 2 o 22 t A9 2 2/ • : • o,"’ 

— ma (j) cos p + —map+—ma (f-^sinp)" 


■ 2/ngn sin /? = constant 


From the initial conditions <ft = <p 0 , ij/ — (3 — 0, /? = 0, we find that the constant is ^-ma </}/• Thus, 


11<Z>-cos-/?+ 11/?- +(^-^sin/?)- -10—sin/? = 

a 

Substituting for \j/ - </>sin /? from Eq. (2) into Eqs. (1) and (3), 

Eq. (1): ll^cos 2 /? = ll$) 

42_2 a , i i A2 in'? n _ i i 42 


i2 


Eq. (3): 

Solving (l') for (f>. 


110 2 cos 2 /? +11/?- -10—sin /? = 114 “ 
a 


0 = 4 sec’/? 


Substituting for 0 from Eq. (4) into Eq. (3 r ), 


11(4 sec 2 6>) 2 cos 2 /? +11,0 2 -10—sin /? = 110 o 2 
For the maximum value of /?, we have /? = 0 and Eq. (5) yields 

2o| — W -1 ] = TT~ sin ^ 

. cos # J 11 o 


42 


(3) 

(D 

(3') 

(4) 

(5) 


42 


10 g cos 2 /? 
11a sin /? 


( 6 ) 
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PROBLEM 18.143* 

H » 

Ja 

Consider a rigid body of arbitrary shape which is attached at its mass center 0 
and subjected to no force other than its weight and the reaction of the support at O. 

IM 

2 T/H 0 

(a) Prove that the angular momentum H 0 of the body about the fixed Point 0 is 
constant in magnitude and direction, that the kinetic energy T of the body is 
constant, and that the projection along H 0 of the angular velocity co of the body 
is constant. 


( b ) Show that the tip of the vector co describes a curve on a fixed plane in space 
(called the invariable plane), which is perpendicular to H 0 and at a distance 
TilH 0 from 0. 

1 

(c) Show that with respect to a frame of reference attached to the body and 
coinciding with its principal axes of inertia, the tip of the vector to appears to 
describe a curve on an ellipsoid of equation 


l x ar + lA + I A, -2T - constant 

a a y y 4 4 


The ellipsoid (called the Poinsot ellipsoid) is rigidly attached to the body and is 
of the same shape as the ellipsoid of inertia, but of a different size. 


SOLUTION 



(a) From Equation (18.27), 

XM 0 =H 0 


Since 

XM o =0, H 0 = 0. 

H 0 = constant (1) M 

Conservation of energy: 

T + V — constant 


Since 

v = o. 

T = constant (2) M 

For a rigid body rotating about Point 0, 



T = \(lA + IyO> 2 y + I Z <°l) 

H o=I x o) x i + I y Q}yj + I z o) z k 
(0 = Q) x i + 6) j + co. k 

U o C0=lA+ hA + = 2r 

Let p be the angle between the vectors H 0 and CO. 

H 0 co = H 0 cocos [i 

The projection of co along H 0 is <ycos /i 

2 T 

(Dcos P = —— = constant <ycos P = constant (3) A 

H o 
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PROBLEM 18.143* (Continued) 


( b) cocos B is the perpendicular distance from the invariable plane. This distance is equal to -=r-. 

H o 


(c) For a frame of reference attached to the body, the moments of inertia with respect of orthogonal axes 
of the frame do not change. 



(4) 

(5) 

( 6 ) 


which is the equation of an ellipsoid. 
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PROBLEM 18.144* 

Referring to Problem 18.143, (a) prove that the Poinsot ellipsoid is tangent to the 
invariable plane, ( b ) show that the motion of the rigid body must be such that the 
Poinsot ellipsoid appears to roll on the invariable plane. [Hint: In part a, show that 
the normal to the Poinsot ellipsoid at the tip of <n is parallel to H 0 . It is recalled 
that the direction of the normal to a surface of equation F (x, y, z) = constant at a 
Point P is the same as that of grad F at Point P. \ 


SOLUTION 


(a) From Problem 18.143, the equation of the Poinsot ellipsoid is 
I,OX + 1.,0)1 + Fox -2T - constant 

a a y y 4 4 


Let 


F{o) x ,oo y ,oo z ) = l x oX x + I y m) + Fox 

A r dF . dF . dF . 

grad F = -n- jh - k 

do) x d 0 ) y do), 

= 2I x 0) x i + 2I y o) y j + 2Foxk = 2H 0 


The direction of the normal at a point on the surface of the ellipsoid is parallel to grad F, which in turn 
is parallel to H 0 . Since H 0 is normal also to the invariable plane, it follows that the Poinsot ellipsoid 
is tangent to the invariable plane at the point common to the plane and the ellipsoid. 

(b) The Poinsot elipsoid moves with the body. Thus, its angular velocity is to, the angular velocity of the 
body. Since Point O is regarded as fixed, the angular velocity vector lies along the axis of rotation, or 
the locus of points of zero velocity. Thus, the velocity of the point of contact of the Poinsot ellipsoid 
with the invariable plane is zero. The Poinsot ellipsoid rolls without slipping on the invariable plane. 
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PROBLEM 18.145* 

Using the results obtained in Problems 18.143 and 18.144, show that for an 
axisymmetrical body attached at its mass center O and under no force other than 
its weight and the reaction at O, the Poinsot ellipsoid is an ellipsoid of revolution 
and the space and body cones are both circular and are tangent to each other. 
Further show that ( a ) the two cones are tangent externally, and the precession is 
direct, when I < I', where / and I' denote, respectively, the axial and transverse 
moment of inertia of the body, (b) the space cone is inside the body cone, and the 
precession is retrograde, when I > I'. 


SOLUTION 

Let I x =1=1' and L -1 so that the z axis is the symmetry axis. Then, the equation of the Poinsot ellipsoid 
(Equation (4) of Problem 18.143) becomes 

I'(f 0 2 x + co 2 v j + lac - IT - constant 


which is the equation of an ellipsoid of revolution. It follows that the tip of co describes circles on both the 
Poinsot ellipsoid and on the invariable plane, and that the vector co itself describes circular body and space 
cones. The Poinsot ellipsoid, the invariable plane, and the body and space cones are shown below for cases a 
and h. 


(a) I <T 



( b ) />/' 



Retrograde Precession 
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PROBLEM 18.146* 



Refer to Problems 18.143 and 18.144. 

(a) Show that the curve (called polhode ) described by the tip of the 
vector co with respect to a frame of reference coinciding with the 
principal axes of inertia of the rigid body is defined by the equations 

I x a>l + I v co 2 + I ; co 2 ; =2 T - constant (1) 

I 2 co 2 + ijco 2 +1 2 aX = H 2 0 = constant (2) 

and that this curve can, therefore, be obtained by intersecting the 
Poinsot ellipsoid with the ellipsoid defined by Eq. (2). 

( b ) Further show, assuming I x > I > that the polhodes obtained for 
various values of H a have the shapes indicated in the figure. 

(c) Using the result obtained in part b, show that a rigid body under no 
force can rotate about a fixed centroidal axis if, and only if, that axis 
coincides with one of the principal axes of inertia of the body, and that 
the motion will be stable if the axis of rotation coincides with the major 
or minor axis of the Poinsot ellipsoid (z or x axis in the figure) and 
unstable if it coincides with the intermediate axis (y axis). 


SOLUTION 


(a) 


Equation (1) expresses conservation of energy as shown in the solution to Problem 18.143. It is the 
equation of the Poinsot ellipsoid. 



which is the equation of an ellipsoid. 


Equation (2) expresses the constancy of Hq 
of the angular momentum vector. 

H n 


2 2 2 

■ ( H 0 ) x + ( H 0 ) + (H 0 ) z , the square of the magnitude 


Let 


L 


2 I, 


Hr 


Then 


0 ) 2 co 2 , co: 

~2 _ + T2 _H 2 ~ = 1 

a 2 b 2 c 2 


(4) 


which is the equation of a second ellipsoid. 

Since the coordinates (0 K , (0 V , 0) of the tip of the vector co must satisfy both Equations (1) and (2), 
the curve described by the tip of co is the intersection of the two ellipsoids. 
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PROBLEM 18.146* (Continued) 


( b ) Assume I x > I > /,. 

Then 


a { < b x < q and a 2 <b 2 < c 2 . 



Thus, for both ellipsoids, the minor axis is directed along the x axis, the intermediate axis along the 
y axis, and the major axis along the z axis. However, because the ratio of the major to minor semiaxis 

is for the Poinsot ellipsoid and is j- for the second ellipsoid, the deviation from a spherical shape 

is more pronounced in the second ellipsoid. 

The largest ellipsoid of the second type to be in contact with the Poinsot ellipsoid will lie outside that 
ellipsoid and touch it at its points of intersection with the x axis, and the smallest will lie inside the 
Poinsot ellipsoid and touch it at its points of intersection with the z axis (see left-hand sketch). All 
ellipsoids of the second type comprised between these two will intersect the Poinsot ellipsoid along the 
curves called polhodes, as shown in the right-hand figure. 



Note that the ellipsoid of the second type, which has the same intermediate axis as the Poinsot ellipsoid, 
intersects that ellipsoid along two ellipses whose planes contain the y axis. These curves are not 
polhodes, since the tip of co will not describe them, but they separate the polhodes into four groups. 
Two groups loop around the minor axis (x axis) and the other two around the major axis (z axis). 

(c) If the body is set to spin about one of the principal axes, the Poinsot ellipsoid will remain in contact 
with the invariable plane at the same point (on the x, y, or z axis); the rotation is steady. In any other 
case, the point of contact will be located on one of the polhodes, and the tip of co will start describing 
that polhode, while the Poinsot ellipsoid rolls on the invariable plane. 

A rotation about the minor or the major axis (x or z axis) is stable. If that motion is disturbed, the tip 
of co will move to a very small polhode surrounding that axis and stay close to its original position. 

On the other hand, a rotation about the intermediate axis (y axis) is unstable. If that motion is disturbed, 
the tip of co will move to one of the polhodes located near that axis and start describing it, departing 
completely from its original position and causing the body to tumble. 
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PROBLEM 18.147 

Three 25-lb rotor disks are attached to a shaft which rotates 
at 720 rpm. Disk A is attached eccentrically so that its mass 
center is Tj n _ from the axis of rotation, while disks B and C 
are attached so that their mass centers coincide with the axis 
of rotation. Where should 2-lb weights be bolted to disks B 
and C to balance the system dynamically? 


SOLUTION 

The system is dynamically balanced if the effective forces are equivalent to zero. Let Points A, B, and C be the 
points where the disks are attached to the shaft and let Point G be the mass center of disk A. Let m be the mass 
of each rotor and m the magnitude of each added mass. 



for each disk. We treat the added masses as particles so that their moments of inertia about their mass centers 
are negligible. The effective force of disk A is. 

(^)eff =-mr A ar j 

The effective forces of the added masses are 

m r B of j and m'r c O) 2 j, 

respectively for the masses added to disks B and C. 

XF, n =0: - mr A 0 ) 2 j + m'r B 0 ) 2 j + mr c ( 0 2 j = 0 


r B + r C = - 


m _ 


( 1 ) 


E(M 0 ) eff =0 4i x (-mr A co 2 j) + lOix (m'r B ct) 2 }) + 16i x (mr c ar j) 


10r B +16r, =4 — r A 


(2) 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2215 





PROBLEM 18.147 (Continued) 

Data: r. = 2in. = 0.25 in. 

A 4 

m _ 25 lb _ 12 5 
m 2 lb 

r A + r B = 3.125 in. 

(1)' 

10r A +16 r B = 12.5 in. 

(2 )' 

Solving the simultaneous equations. 


r B = 6.25 in. 

r c =-3.125 

Placement of added masses. 

On B: 64-in. below shaft. On C: 3-i-in. above shaft A 

4 o 
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PROBLEM 18.148 


db* 


A homogeneous disk of mass m - 5 kg rotates at the constant 




rate o\ — 8 rad/s with respect to the bent axle ABC, which itself 




rotates at the constant rate co n = 3 rad/s about the y axis. Determine 


r, 

[ 

V 

\ 

\ 


the angular momentum H c of the disk about its center C. 


/ / \V 

r = 250 min y 




4(K) mm \ |k§ r' 

\ 300 mm ' 

1 
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PROBLEM 18.149 

A rod of uniform cross section is used to form the shaft 
shown. Denoting by m the total mass of the shaft and 
knowing that the shaft rotates with a constant angular 
velocity to, determine (a) the angular momentum H c of 
the shaft about its mass center G, (b) the angle formed by 
H g and the axis AB, (c) the angular momentum of the shaft 
about Point A. 


SOLUTION 



Length of rod: 

L — 2r + 2nr — 8.2832r 


Angular velocity: 

(s)-coi 


Angular momentum: 

U G =T x m-T xz cok 


Calculation of I x and / . : 


r D & 

ffl 

Let p = mass per unit length = —. 

c===ac 0 \ 


For portions AC and DB. 

II 

p 

II 

o 

l 

For portion CG, use polar coordinate 6. 



x = -r(l-cos#), z = -rsin£? dm = prdO 



I x = J* z 2 dm = J r 2 sin 2 OprdO = 

I xz = | xz dm = | r 2 (1 - cos 0) sin QprdO -2pr i 


Likewise, for portion GD, 

C=fV. C =2 pr* 


Total: 

— 3 fmr 3 — , 3 4wr 3 

- L ’ hz = A P r = L 


(a) Angular momentum H c . 

7Tmr ^ 4- in v ^ o 

H c = oA cdk. = mr~co{031921\ 0.48291k) 


H c = 

mr 2 <y(0.379i- 0.483k) ◄ 


H g =mr 2 ry(0.37927 2 + 0.48291 2 ) 1/2 =0.61404 mr 2 co 
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PROBLEM 18.149 (Continued) 


(b) 

Angle formed by H c and the axis AB. 



H g i = 0.37927mr 2 <y 



. H c i 0.37927 mr 2 (o 
cos(9 = G = . =0.61766 

H c 0.61404 mrco 

(9 = 51.9° ◄ 

(c) 

Angular momentum about Point A: 



H A= H G +r GM X W 



h a =h c +o 

H a = mr 2 <y(0.379i - 0.483k) ◄ 
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PROBLEM 18.150 

A uniform rod of mass m and length 5 a is bent into the shape shown and is 
suspended from a wire attached at Point B. Knowing that the rod is hit at Point A 
in the negative y direction and denoting the corresponding impulse by -(FAt)j, 
determine immediately after the impact (a) the velocity of the mass center G, 
( b ) the angular velocity of the rod. 


SOLUTION 

Moments and products of inertia: 


Part 

m 

h 


h 


OA 


(H 

X (l2 fl2 + 4^ + 4 fl2 ) 

(l m ) 

1 2 . 2 . 1 2\ 
xl -ya + a + ja j 


(l 777 )(-l fl2 ) 

AB 


(H(i fl2 ) 

(H(i fl2 ) 

(s W7 ) 

X (i2 fl2 + 4 fl2 + 4 fl2 ) 

(} 777 )(-| fl2 ) 

BC 


(l m )(_L a 2 ) 

0 

(i w? )(iV« 2 ) 

0 

CD 


(H(i fl2 ) 

(i m )(i fl2 ) 

(s W7 ) 

X (i2 fl2 + 4 fl2 + 4 fl2 ) 

(l m )(_l a 2 ) 

DE 


(i m ) 

../ 1 2,1 2,1 2\ 
x{n a + 4 a + 4 a ) 

(s m ) 

1 2 . 2,1 2 \ 
xl -ya + a + -jCi 1 

(I„ ? )( fl 2 +i. fl 2 ) 

(i m )H fl2 ) 

X 

m 

035ma 2 

0.66661ma 2 

0.15 ma 2 

- 03ma 2 



Angular momentum about the mass center. 

(H g ) x = I x co x - I xy OJ y - I xz co z = 0 35ma 2 co x + 03ma 2 (O y - 0.2 ma 2 co z 
(H g ) = —I m x + I y co y - f v .ox = 03ma 2 co x + 0.66667 ma 2 a) y + 0. \mcrox 
( H g ) z = -I xz co x — / yz 0 J 7 + / 7 OJ z = —0.2 ma 2 o x + 0.1 ma 2 0 ) y + 0.15 me i 2 ox 
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PROBLEM 18.150 (Continued) 


v y =0 


Constraint of the supporting cable: 

Impulse-momentum principle: Before impact, v = 0, H G = 0. 




(a) Linear momentum: F(Af) + TAt] = rm Resolve into components. 

0 = mv x , —FAt + T At) = 0, 0 = mv z 

v x = 0, TAt — F At, 

(.b ) Angular momentum, moments about G: r A/G x FAr = H G 


c = o 


f a. } 

— i - a\ 

2 J j 


| x [-(FAOj] = {aFAt% = + (H G ) y j + {H G \ k 

Using expressions for (H G ) X , (H G ) y , and ( H G ), and resolving into components, 


i: 0 = 0 35ma 2 (O x + 0.3 ma 2 co y - 0.2ma 2 a> z 


j: 0 = 03ma 2 CQ + 0.66667 merco + 0.1 ma 2 <o. 


k: aFAt = -0.2 ma 2 (O r + 0.1 ma 2 co,, + 0.15ma 2 O). 

A y z 


Solving, 


0), = 2.5 


(FAt) 


ma 


m = -1.454 


(FAt) 


= 2-19 


(FAt) 


CO 


"FAt 
y ma 


v = 


04 


(2.50i- 1.454j + 2.19k) ◄ 
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PROBLEM 18.151 

\ / 

\ / 

\ 600 m 

\ > 

\ / 

\ / 

\ / 

\ / 

\ / 

\ 

\ 

A four-bladed airplane propeller has a mass of 160 kg and a radius of gyration of 
800 mm. Knowing that the propeller rotates at 1600 rpm as the airplane is 
traveling in a circular path of 600-m radius at 540 km/h, determine the magnitude 
of the couple exerted by the propeller on its shaft due to the rotation of the 
airplane. 
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SOLUTION 


Area of sheet metal: 
Let 


m — 2.4 kg, b =160 mm = 0.16 m 
A-b 2 + (2 b)b + b 2 = 4 b 2 = 0.1024 m 2 

m 2.4 
P ~ ~A~ 0.1024 
= 23.4375 kg/m 2 
= mass per unit area 


Angular velocity and angular acceleration: ft) = cok 

a-ak 


Angular momentum about G: H c = —I x; (Qi - 1, 0 )\ + 1 7 0 )k 

= -ly 7 m+1 z 0)k 

Let the frame of reference Gxyz be rotating with angular velocity Q = ft) = cok 

He = (He )Gxyz + O x H c 

= -I yz aj + I z ak + J yz or\ 

Required moment and product of inertia: 7 mass = p/ area 


I z = Pb 4 

= (23.4375X0.16) 4 
= 0.01536 kg-m 2 
lyz =P b * 

= 0.01536 kg-m 2 


Part 

A 

h 


I 

yz 

plate A 

b 2 

-b 2 +b 2 \ 

6 

I'Ll 2 
\2 J 

b 2 (b) 


plate AB 

lb 2 

—(2 b)b 2 

12 

0 

plate B 

b 2 

-b 2 +b 2 \ 

6 


b 2 (-b) 

~2 b ) 

X 

4 b 2 

b 4 


b 

4 
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PROBLEM 18.153 

A homogeneous disk of weight W - 6 lb rotates at the constant 
rate a \-16 rad/s with respect to arm ABC, which is welded to 
a shaft DCE rotating at the constant rate co 2 — 8 rad/s. 
Determine the dynamic reactions at D and E. 


SOLUTION 

Angular velocity of shaft DE and arm CBA: Q -C 0 - 
Angular velocity of disk A: 

Angular velocity about its mass center A: 


co = <y 2 i + a\ j 

H a = J x o) x i + l y o) y i+J z (o z k 
= T x oh\ + J y (0\S 

1 2.1 2 - 

= —mr <y,i + — mr 

Let the reference frame Oxyz be rotating with angular velocity Q = <y 2 i. 

= (Ha)oijz + O x H a 


1 2 ■ . 1 2 • . • „ 

= —mr OM + —mr a \j + OM x 

= —mr 2 cy 2 i + + —mr 2 ct|<y 2 k 


Velocity of Point A: 


Acceleration of Point A: 


= <y 2 i x (-bk + cj) 

= bco 2 j + cco 2 k 

a A = X r A/0 + ^ j X V A 

a A = (ba) 2 - ca> 2 )j + (cd> 2 + bco 2 )k 

Consider the system of particles consisting of the shaft, the arm, and the disk. Neglect the mass of the arm. 

ZF = ma A 
Dyj + O-k + EJ + Ek = ma A 






KOaL 


t 1 * 
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PROBLEM 18.154 

A 48-kg advertising panel of length 2 a = 2.4 m and width 2b - 1.6 mis 
kept rotating at a constant rate co l about its horizontal axis by a small 
electric motor attached at A to frame ACB. This frame itself is kept 
rotating at a constant rate co 2 about a vertical axis by a second motor 
attached at C to the column CD. Knowing that the panel and the frame 
complete a full revolution in 6 s and 12 s, respectively, express, as a 
function of the angle 6, the dynamic reaction exerted on column CD 
by its support at D. 
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0) 0 

D 


i \ B 


4 ^i C 

■ b . 1 - 21 



PROBLEM 18.155 

A 2500-kg satellite is 2.4 m high and has octagonal bases of sides 
1.2 m. The coordinate axes shown are the principal centroidal axes of 
inertia of the satellite, and its radii of gyration are k x = k _ = 0.90 m 
and k y = 0.98 m. The satellite is equipped with a main 500-N 
thruster E and four 20-N thrusters A, B. C, and D, which can expel 
fuel in the positive y direction. The satellite is spinning at the rate of 
36 rev/h about its axis of symmetry G , which maintains a fixed 
direction in space, when thrusters A and B are activated for 2 s. 
Determine (a) the precession axis of the satellite, (b) its rate of 
precession, (c) its rate of spin. 


SOLUTION 


' 2 n rad 

f lh 1 

l rev J 

L 3600 s J 


a> 0 = (36 rev/h) 

= 0.062832 rad/s 
m = 2500 kg 

I x = mk 2 = (2500)(0.90) 2 = 2025 kg-m 2 
I, =I X -2025 kg-m 2 
I y = mk 2 = (2500)(0.98) 2 = 2401 kg-m 2 
(H c ) 0 =/ y ffibj = (2401)(0.062832)j = (150.86 kg-m 2 /s)j 
a = 0.6 m, b = 0.6 + 1.2 cos 45° = 1.4485 


When thrusters A and B are activated, 

M G =-b(F A + F B )i 
= -(1.4485)(40)i 
= -(57.941 N-m)i 


Angular momentum after 2 s: 


H G =(H G ) 0 +M G (At) 

= 150.86j + (—57.941)(2)i 



0 ), 


H 

X 

H 


115.88 




2025 
' = 36 rev/h 


= -0.057225 rad/s = -32.788 rev/h 


co_ = 


H 




= 0 
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PROBLEM 18.155 (Continued) 


(a) Precession axis: 


tan tf = _^ = ii^ q - 37.529 0 

H y 150.86 


e x = 52.5°, e y = 37.5°, e z = 90° ◄ 


tan y = — 


32.788 




7 = 42.327° 
y—6 = 4.798° 


CO = \J CO x +0}2 y 


Law of sines. 


= 48.693 rev/h 


^ \jf _co 

sin y sin (y—0) sin# 


48.693sin42.327° 
sin 37.529° 



#? = 53.8 rev/h 4 


48.693 sin 4.798° 
sin 37.529° 


y/ = 6.68 rev/h 4 
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PROBLEM 18.156 



r = 5 in. 


A thin disk of weight W = 8 lb rotates with an angular velocity (O 2 
with respect to arm OA, which itself rotates with an angular velocity 
co x about the y axis. Determine (a) the couple M , j which should be 
applied to arm OA to give it an angular acceleration a, = (6 rad/s 2 )j 
with 0 ) ] =4 rad/s, knowing that the disk rotates at the constant rate 
co 2 —12 rad/s, (h) the force-couple system representing the dynamic 
reaction at O at that instant. Assume that arm OA has a negligible mass. 


SOLUTION 


Angular velocity of arm OA : 

Q = m,j 

Angular velocity of disk A: 

ft) = <y,j + <y 2 k 

Angular momentum about its mass center A: 


H \ =1 x co x \ + 1 y co y }+I z coM 


=T y o\i+T z oyy. 


1 2.1 2 i 

= — mr co. iH —mr (atk 

4 lJ 2 

Let the reference Oxyz be rotating with angular velocity Q = co, j. 


- (H a W + £2 xH a 


= —mr 2 d )jj + —mr 2 6 ) 2 k + co x j xH 4 

1 2 . 1 2 • • 1 2-i 

= —mr co.co a H —mr co. j H —mr co ~,k 

2 1 2 4 lJ 2 2 

Velocity of Point A: 

v A = ryijxr j4/0 


= <w l jx(M-cj) 

= -bojy 

Acceleration of Point A: 

a A =®ijxr A/0 + ry 1 jxv A 


= -bco x i-bti> x k 
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PROBLEM 18.156 (Continued) 

(b) Dynamic reaction at Point O . 

R x = -(0.24845X1.33333)(4) 2 = -5.30 lb, R v = 0 
R z =-(0.24845)(l.33333)(6) = -1.988 lb 


R = -(5.30 lb)i - (1.988 lb)k ◄ 


(M 0 ) =(0.24845) 


= 2.69 lb • ft 


— |(0.41667) (4)(12) +(1.33333)(0.83333)(6) 


(M 0 ). = (0.24845)[0 - (1.33333)(0.83333)(4) 2 ] 


= -4.42 lb • ft 


M 0 - (2.69 lb • ft)i - (4.42 lb • ft)k ◄ 
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PROBLEM 18.157 

A homogeneous disk of mass m connected at A and B to a fork-ended shaft of 
negligible mass which is supported by a bearing at C. The disk is free to rotate 
about its horizontal diameter AB and the shaft is free to rotate about a vertical 
axis through C. Initially, the disk lies in a vertical plane (O 0 = 90°) and the shaft 
has an angular velocity (f) {] = 8 rad/s. If the disk is slightly disturbed, determine 
for the ensuring motion (a) the minimum value of (j), (b) the maximum value of 0. 


SOLUTION 

Place the origin at the center of mass and let Oxyz be a principal axis frame of reference with the y axis 
directed along the moving axle AB. Let the Z axis lie along the fixed axle. Useful unit vectors are i, j and k 
along the x, y, z axes and K along the Z axis. 

K = -i sin 0 + k cos 0 

Angular velocity: co = ^k + O'] 

(o — —(p sin 0\ + 6 j + (p cos 6k 

Moments of inertia: I x — e x I y , /, = e 2 I x 

Angular momentum about O . H 0 = I x (O x i + I y (O y j + LcoM 

= I (—e x ^sin#i + #j + e 2 ^cos#k) 

The moment about the fixed Z axis is zero, hence, H 0 K = constant. 

H 0 K = I y (e l sin 2 0+e 2 cos 2 0)(p = I y C x 

<P = - ^ 1 -— 

C[ sin 0 + e 2 cos" 0 

Q = (e, sin 2 9 0 + e 2 cos 2 9 0 )<p 0 

Twice the kinetic energy: 2 T = 1 X 0T X + l x OT x + /,<y 2 = constant 

2 T = I y [(e x sin 2 0 + e 2 cos 2 G)(jr + 6 2 ] 

= I y (C l <p + 9 2 ) 

= l y C 2 

0 2 = C 2 - C x (p 
C 2 - @o + C x % 
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PROBLEM 18.158 



The essential features of the gyrocompass are shown. The rotor 
spins at the rate y/ about an axis mounted in a single gimbal, 
which may rotate freely about the vertical axis AB. The angle 
formed by the axis of the rotor and the plane of the meridian is 
denoted by 0, and the latitude of the position on the earth is 
denoted by X. We note that line OC is parallel to the axis of the 
earth, and we denote by co e the angular velocity of the earth about 
its axis. 

(a) Show that the equations of motion of the gyrocompass are 

l'0 + Ico,(O e cos/Isin 0 - l'co 2 e cos 2 /Isin 0cos 0 = 0 
16) Z =0 

where 0 ) is the rectangular component of the total angular 
velocity co along the axis of the rotor, and I and I' are the 
moments of inertia of the rotor with respect to its axis of 
symmetry and a transverse axis through O. respectively. 

(b) Neglecting the term containing co 2 , show that for small values 
of 0[ we have 


0 + 


lco z co e cos X 

r 


0 = 0 


and that the axis of the gyrocompass oscillates about the 
north-south direction. 
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PROBLEM 18.158 (Continued) 


The angular momentum H 0 of the rotor is 


H, 


I x o)A+I y coA + I z coM 


where I x = l y =l' and /, = I. Recalling Eq. (2), we write 

H 0 = —l'co e cos A sin G\ + I\G +1 o e sin A)} + Ico, k 

Equations of motion . 

Eq. (18.28): £M 0 = (Yl 0 ) 0xyz +£lxH 0 or, from Eqs. (1) and (3): 

XM 0 = -l'o) e cos A cos GGi + I'Gj + Id), k 

i j k 

-co e cos Asia G G + <y f sinA co e cos AcosG 
-l'co e cos AsinG I\G + co e s\nA) Ico\ 


( 3 ) 


+ 


(4) 


We observe that the rotor is free to spin about the z axis and free to rotate about the y axis. Therefore, 
the y and z components of £M 0 must be zero. It follows that the coefficients of j and k at the right- 
hand member of Eq. (4) must also be zero. 

Setting the coefficient of j in the right-hand member of Eq. (4) equal to zero, 

l'G + (-l'co e cos A sin 6){(O e cosAcosG) - (~co e cos A sin G)Ico z = 0 

I'G +1co ; 0 ) e cos AsinG- I'co^ cos 2 AsinGcosG -0 (5) 4 

Q. E. D 

Setting the coefficient of k equal to zero, 

Ico, + (~co e cos AsmG)l'(G + co e sin A) - ( -l'co e cos A sin G)(G + co e sin A) = 0 
Observing that the last two terms cancel out, we have 

Ico, =0 Q. E. D. (6) ◄ 

(. b ) It follows from Eq. (6) that CO = constant (7) 

Rewrite Eq. (5) as follows: I'G + {Ico, - I'co e cos Acos G)co e cos Asin G - 0 

It is evident that CO, »> co e . We can therefore neglect the second term in the parenthesis and write 


or 


I'G + lco,co e cosAsin# = 0 

cosi 

/' 


( 8 ) 
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PROBLEM 18.158 (Continued) 


where the coefficient of sin 9 is a constant. The rotor, therefore, oscillates about the line NS as a 
simple pendulum. For small oscillations, sin 9 ~ 9, and Eq. (8) yields 


9 + 


Ico : co e cosA e _ Q 
I' 


Q. E. D. (9) ◄ 


Eq. (9) is the equation of simple harmonic motion with period 


T-ln 


V 

Ico z co e cos A 


( 10 ) 


Since its rotor oscillates about the line NS, the gyrocompass can be used to determine the direction of 
that line. We should note, however, that for values of A close to 90° or -90°, the period of oscillation 
becomes very large and the line about which the rotor oscillates cannot be determined. The 
gyrocompass, therefore, cannot be used in the polar regions. 
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CHAPTER 19 







PROBLEM 19.1 

Determine the maximum velocity and maximum acceleration of a particle which moves in simple harmonic 
motion with an amplitude of 3 mm and a frequency of 20 Hz. 


SOLUTION 



Frequency: 

/ = 20 Hz 

co n = 2k f = (2/r)(20) = 125.66 rad/s 


Amplitude: 

x m = 3 mm 


Simple harmonic motion: 

x = x m sin ( 0 ) n t + <p) 

V — X — co n x m cos (o n t + </>) 
a = v = x = -co 2 n x m sin (co n t + (f>) 


Maximum velocity: 

v m = co n x m = (125.66 rad/s)(3 mm) 

= 377 mm/s 

V m — 0.377 m/s ◄ 

Maximum acceleration: 

a m = ojrx m = (125.66 rad/s) 2 (3 mm) 

= 47.3xl0 3 mm/s 2 

a m = 47.3 m/s 2 4 
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PROBLEM 19.2 

A particle moves in simple harmonic motion. Knowing that the amplitude is 15 in. and the maximum 
acceleration is 15 ft/s 2 , determine the maximum velocity of the particle and the frequency of its motion. 


SOLUTION 



Simple harmonic motion. 

x = x m sin (co n t + </>) 
x m = 15 in. = 1.25 ft 
x = v = x m co n cos(co n t + 0) 
x-a- -x m a>l sin (co n t + (/)) 

a m = ~x m co; 



1 a,„ 1 = 15 ft/s 2 = (1.25 ft)<y 2 


Natural frequency 

0) n = 3.4641 rad/s 



f = — = 0.55133 Hz 
" In 

/„ = 0.551Hz ◄ 

Maximum velocity 

v m = x m co n = (1.25 ft)(3.4641 rad/s) 



= 4.3301 ft/s 

v m = 4.33 ft/s ◄ 
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PROBLEM 19.3 

Determine the amplitude and maximum velocity of a particle which moves in simple harmonic motion with a 
maximum acceleration of 15 ft/s 2 and a frequency of 8 Hz. 


SOLUTION 



Simple harmonic motion 

x = x m sin (a> n t + </>) 

co n = 2nf n = 2n{% Hz) = 16;r rad/s 

x = v = x m co n cos (co n t + <p) 

V ,n = X m a n 

x = a = -x m a>l sin (co n t + (p) 

a m =x m <rf 



15 ft/s 2 = x m (16/r rad/s) 2 


Maximum displacement. 

x m = 0.005937 ft = 0.0712 in. 

x m = 0.0712 in. 4 

Maximum velocity. 

v m = x m (O n = (0.005937 ft)(16;r rad/s) 



= 0.2984 ft/s = 3.58 in./s 

v m = 3.58 in./s ◄ 
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PROBLEM 19.4 



A 32-kg block is attached to a spring and can move without friction in a 


32 kg 

slot as shown. The block is in its equilibrium position when it is struck by 


' y ' 

^ . k = ]2kN/m a hammer, which imparts to the block an initial velocity of 250 mm/s. 


." 

Determine (a) the period and frequency of the resulting motion, (b) the 


s> 

amplitude of the motion and the maximum acceleration of the block. 
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SOLUTION 


(a) Simple harmonic motion . 


x = x m sin (a> n t + <p) 


Natural frequency . 


co„ = J — k — 5 kN/m = 5000 N/m 

1 m 


co„ 


(5000 N/m) 


12 kg 
(O n =20.412 rad/s 
2k 


T„ =- 


C0„ 


2k 


20.412 


= 0.3078 Is 


( b) 


Maximum Velocity - 
Maximum acceleration. 


x m = 50 mm = 0.05 m 
x - 0.05 sin (20.412? + </>) 

v m = x m co n - (0.05 m)(20.412 rad/s) 
a m = x m a>l = (0.05 m)(20.412 rad/s) 2 



T n — 0.308 s ◄ 



-= 3.25 Hz 

0.30781 


◄ 


v m = 1.021 m/s -4 
a m - 20.8 m/s 2 4 
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PROBLEM 19.6 

An instrument package A is bolted to a shaker table as shown. The table 
moves vertically in simple harmonic motion at the same frequency as 
the variable-speed motor which drives it. The package is to be tested at 
a peak acceleration of 150 ft/s 2 . Knowing that the amplitude of the 
shaker table is 2.3 in., determine (a) the required speed of the motor in 
rpm, ( b ) the maximum velocity of the table. 


SOLUTION 

In simple harmonic motion, 


(a) Motor speed . 

( b ) Maximum velocity . 


^max ''"max 

150 ft/s 2 =(jf 

a>l = (782.6 rad/s) 2 
co n = 27.98 rad/s 

, = ^n_ 

Jn In 
_ 27.98 
In 

= 4.452 Hz (cycles per second) 


(4.452 rev/s)(60 s/min) 


2 3 

—ft 

12 


(27.98 rad/s) 


speed = 267 rpm A 

V max= 5 -36 ft/s ◄ 
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PROBLEM 19.7 

A simple pendulum consisting of a bob attached to a cord oscillates in a vertical plane 
with a period of 1.3 s. Assuming simple harmonic motion and knowing that the 
maximum velocity of the bob is 0.4 m/s, determine (a) the amplitude of the motion in 
degrees, ( b ) the maximum tangential acceleration of the bob. 


SOLUTION 


(a) Simple harmonic motion 


Thus, 


For a simple pendulum, 
Thus, 


6> = 0 m sin (0)„t + </>) 

2 n 2 k 

oi, = — =- 

T n d-3 s) 

= 4.8332 rad/s 

0 = 6 m (O n cos (oi n t + <!>) 

0,n = S m CO n 

V m = = W,,,®,, 



g 9.81 m/s 2 
~ (f~ (4.8332 rad/s) 2 
= 0.41995 m 


Amplitude from (1), 


8 ,„ = - 


lco„ 


0.4 m/s 

(0.42 m)(4.833rad/s) 



= 0.19707 rad 

= 11.291° 0 m = 11.29° ◄ 

(b) Maximum tangential acceleration a , = 18 

The maximum tangential acceleration occurs when 8 is maximum. 

8 = -d m Ol 2 n sm((O n t + <p) 

K = 

{a,) m = ld m a>l 

(a t ) m = (0.41995 m)(0.19707 rad)(4.8332 rad/s) 2 

= 1.933 m/s 2 (a, ),„ = 1.933 m/s 2 ◄ 
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PROBLEM 19.8 

A simple pendulum consisting of a bob attached to a cord of length / = 800 mm 
oscillates in a vertical plane. Assuming simple harmonic motion and knowing that 
the bob is released from rest when 0 = 6°, determine (a) the frequency of oscillation, 
( b) the maximum velocity of the bob. 


SOLUTION 



(a) Frequency. 

fi (9.81 m/s 2 ) 

° Jn ~i l (0.8 m) 



(O n = 3.502 rad/s 



0) n (3.502 rad/s) 

~ 2k~ 2k 

/„ = 0.557 Hz ◄ 

(b) Simple harmonic motion. 

0 = 0 m sin (0) n t + </>) 


where 

0 m =6° = 0.10472 rad 


Maximum velocity. 

0 = 0 m (O n COS (G) n t + <P) 

8,n = 0 m <°n 

V m -10 m = l0 m (D n - (0.8 m)(0.10472X3.502) 
v m =293.4xl0 _1 m/s 

v m = 293 mm/s A 
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PROBLEM 19.9 


An instrument package B is placed on the shaking table C as shown. The table 
is made to move horizontally in simple harmonic motion with a frequency of 
3 Hz. Knowing that the coefficient of static friction is ju s = 0.40 between the 
package and the table, determine the largest allowable amplitude of the motion 
if the package is not to slip on the table. Given the answers in both SI and U.S. 
customary units. 
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PROBLEM 19.10 


A 5-kg fragile glass vase is surrounded by packing material in a cardboard box of negligible weight. The 
packing material has negligible damping and a force-deflection relationship as shown. Knowing that the box 
is dropped from a height of 1 m and the impact with the ground is perfectly plastic, determine (a) the 
amplitude of vibration for the vase, ( b ) the maximum acceleration the vase experiences in g’s. 



SOLUTION 


Velocity at end of free fall: v = Jlgh 

v = f 2)(9.81m/s 2 )(l m) = 4.4294 m/s 

Assume that the spring is unstretched during the free fall. Use a simple spring-mass model for the motion of 
the vase and the packing material. 


no 


1 


/////////// 


m = 5 kg 

k _ 100 N (- s | 0 p C f rom graph) 
10 mm 

k = 10 N/m = 10000 N/m 


Natural frequency: 
Simple harmonic motion: 



|10000 N/m ,. 

-= 44.721 rad/s 

V 5k § 


x = x m sin {co n t + </>) 

V = X = (O n X m COS (6) n t + </>) 


Let t — 0 at the instant when the box bottom hits the ground. 
Then, at t — 0, x — 0 and v = 4.4294 m/s 
from which ^ = 0 

and 0J n x m = 4-4294 m/s 
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PROBLEM 19.10 (Continued) 


(a) 

4.4294m/s ____ ., 

Amplitude: x '» - 44 m rad/s “ 0-099045 m 

x m = 99.0 mm -4 

( b ) 

Maximum acceleration: 



a m = co 2 n x m = (44.721 rad/s) 2 (0.099045 m) 



= 198.087 m/s 2 = (20.192)(9.81 m/s 2 ) 

a m = 20-2 g ◄ 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2251 





PROBLEM 19.11 



A 3-lb block is supported as shown by a spring of constant k — 2 lb/in. which can act in 
tension or compression. The block is in its equilibrium position when it is struck from 
below by a hammer which imparts to the block an upward velocity of 90 in./s. Determine 
( a ) the time required for the block to move 3 in. upward, (b) the corresponding velocity 
and acceleration of the block. 


SOLUTION 




Simple harmonic motion. 

x = x m sin (0) n t + 0) 

rr 

.-3 - 


Natural frequencv. 

co n = —, k = 2 lb/in. = 24 lb/ft 

V m 

L r -J 

— 


1 24 lb/ft 

(LaL 

tA. 


V ( 32.2 ft/s 2 ) 

(O n = 16.05 rad/s 

V(oS= o 


x(0) = 0 = x m sin(0 + 0) 

0 = 0 

x(0) = x m (O n cos(0 + 0) 




90 

x(0) = — = 7.5 ft/s 

12 




7.5 = x m (16.05) x m = 0.4673 ft 




x = (0.4673) sin(16.05f)(ft/s) 


(1) 

(a) Time at x — 3 in. (x 

= 0.25 ft) 




0.25 = 0.4673sin(16.05f) 




sin -1 !' 025 ) 
t _ v 0.4673 ) 

' ~ 16.05 


t = 0.0352 s ◄ 

(b) Velocity and acceleration. 




X = x m co n cos (co n t) 

X = -x m a>l sin co n t 

t = 0.0352 

x = (0.4673)(16.05) cos[(16.05)(0.0352)] 

x = 6.34 ft/s 

x = —(0.4673)(16.05) 2 sin[(16.05)(0.0352)] 


v = 6.34 ft/s * -4 


= -64.4 ft/s 2 


a = 64.4 ft/s 2 1 ◄ 
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PROBLEM 19.12 


In Problem 19.11, determine the position, velocity, and acceleration of the block 0.90 s after it has been struck 
by the hammer. 
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PROBLEM 19.13 

The bob of a simple pendulum of length l = 40 in. is released from rest when 6 = +5°. 
Assuming simple harmonic motion, determine 1.6 s after release ( a ) the angle 0, 
( b) the magnitudes of the velocity and acceleration of the bob. 
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B 


ii 


PROBLEM 19.14 



A 150-kg electromagnet is at rest and is holding 100 kg of scrap steel when 
the current is turned off and the steel is dropped. Knowing that the cable 
and the supporting crane have a total stiffness equivalent to a spring of 
constant 200 kN/m, determine (a) the frequency, the amplitude, and the 
maximum velocity of the resulting motion, ( b ) the minimum tension which 
will occur in the cable during the motion, (c) the velocity of the magnet 
0.03 s after the current is turned off. 


SOLUTION 


7^-t 


*n 


W, 


t X 


* ^zELX 


* 2 ^ 






v*r 


£q>l igeiu** 

l (/M> IOv+C) 


2 


Data: 


m 1 —150 kg m 2 = 100 kg k = 200 x 10 3 N/m 


From the first two sketches, T 0 + kx m — (m, + m 2 )g 

T o = m \8 

Subtracting Eq. (2) from Eq. (1), kx m = m 2 g 


= (100X9^1) =4 _905xIQ-3 m = 4 _ 91 mm 


Natural circular frequency: 

Natural frequency: 

Maximum velocity: 

(a) Resulting motion: 


co„ = 


k 200xlO 3 
k 1 200 xlO 3 


150 


= 36.515 rad/s 


(1) 

(2) 


_^ = 36A15 / 5 g| Hz 

" 2k In 

v m = co n x m = (36.515)(4.905 x 10 -3 ) = 0.1791 m/s 

amplitude x m — 4.91 mm A 
frequency f n =5.81 Hz A 
maximum velocity v m =0.1791 m/s A 
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PROBLEM 19.14 (Continued) 


( b ) Minimum value of tension occurs when x = —x m . 

L = T o ~ te,,, 

= m 1 g-m 2 g 
= (m 1 - m 2 )g 

= (50X9.81) T mm =491 N ◄ 

The motion is given by x = x m sin (co n t + <p) 

X = (0„X m cos (co n t + (p) 

Initally, x 0 =-x m or sin <75 = -1 

x 0 - 0 or 

K 

* = ~2 

x = OJ n x rn i 

(c) Velocity at t - 0.03 s. 

ojj = (36.515X0.03) = 1.09545 rad 
(O n t -<p- -0.47535 rad 
cos (co n t -(p)- 0.88913 

x = (36.515)(4.905 x 10 _3 )(0.88913) * = 0.1592 m/s! ◄ 


cos^ = 0 


n 

-OS | COJ - 

2 
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PROBLEM 19.15 

A variable-speed motor is rigidly attached to beam BC. The rotor is slightly 
unbalanced and causes the beam to vibrate with a frequency equal to the 
motor speed. When the speed of the motor is less than 600 rpm or more than 
1200 rpm, a small object placed at A is observed to remain in contact with 
the beam. For speeds between 600 rpm and 1200 rpm, the object is observed 
to “dance” and actually to lose contact with the beam. Determine the 
amplitude of the motion of A when the speed of the motor is (a) 600 rpm, 
(b) 1200 rpm. Give answers in both SI and U.S. customary units. 


SOLUTION 




At both 600 rpm and 1200 rpm, the maximum acceleration is just equal to g. 


(a) 

co = 600 rpm = 62.832 rad/s 




Eq. (19.15): a m = x m af 

x = 8 

(62.832 f 



Q Ol 

SI: x= = 2.4849 xl0“ 3 m 

C62.832) 2 


x m - 2.48 mm -4 


US: x = 322 , =0.008156 ft 

C62.832) 2 


x m - 0.0979 in. 4 

(b) 

co - 1200 rpm = 125.664 rad/s 




Eq. (19.15): a m = x m co 2 

x = 8 

(125.664) 2 



Q Q 1 

SI: x = ' = 621.2 xl0“ 6 m 

(125.664) 2 


x m - 0.621 mm 4 


US: x= 322 , = 0.002039 ft 

(125.664) 2 


x m - 0.0245 in. 4 
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PROBLEM 19.16 

A small bob is attached to a cord of length 1.2 m and is released from rest when 
9 a = 5°. Knowing that d = 0.6 m, determine (a) the time required for the bob 
to return to Point A, (b) the amplitude 0 C . 


SOLUTION 

As the pendulum moves between Points A and B. the length of the pendulum is l — l AB =1.2 m. 

g |9.81m/s 


2 


1.2 m 


= 2.8592 rad/s 


2k 


2k 


= 2.1975 s 


co nX 2.8592 rad/s 
The falling from A to B is one quarter period. 

t ab = — Tj = 0.54938 s. 

As the pendulum moves between Points B and C, the length of the pendulum is 
l = l BC = 1.2 m - 0.6 m = 0.6 m. 


= °>n2 = 


9.81 m/s- 


To = 


2 K 


2 K 


co n2 4.0435 rad/s 


0.6 m 
= 1.55389 s 


= 4.0435 rad/s 


The motion from B to C and back to B is one half period 

t bcb ~ ~ T i ~ 0.77695 s 

As the pendulum moves from B to A, the length is again 1.2 meters. 

1 


t ba = — Tj = 0.54938 s 


( a ) Time required to return to A. 


T ~ t ab + t bcb + Tba 
r = 1.87571 s 


T = 1.876 s ◄ 
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PROBLEM 19.16 (Continued) 


For falling from A to B. 

ii 


At B, 

&B ~ ~ (0 n 1 ® A 

V B ~ ^AB®B ~ ^AB m n\®A 


For rising from B to C, 

9 B =^ L = I f L a> nl 9 A =9 1 max 

l BC L BC 

t q a ^max lAB^nl r\ 

“c ~ “max - ~ j “a 

® n2 hc^nl 

(1.2 mX2.8592 rad/s) 

(0.6 m)(4.0435 rad/s) 


( b ) Amplitude 9 C : 



With 9 a = 5°, 


9 C = 7.07° ◄ 
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PROBLEM 19.17 

A 5-kg block, attached to the lower end of a spring whose upper end is fixed, vibrates with a period of 6.8 s. 
Knowing that the constant k of a spring is inversely proportional to its length, determine the period of a 3-kg 
block which is attached to the center of the same spring if the upper and lower ends of the spring are fixed. 
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PROBLEM 19.18 


P 90 lb/in. 

A 75-lb block is supported by the spring arrangement shown. The block is moved 
vertically downward from its equilibrium position and released. Knowing that the 
amplitude of the resulting motion is 2 in., determine (a) the period and frequency 
of the motion, ( b ) the maximum velocity and maximum acceleration of the block. 

r 75 lb 1 

¥ 

45 lb/in. 3| || 45 lb/in. 

ll 



SOLUTION 

(a) Determine the constant k of a single spring equivalent to the three springs 

P-kS 

kS = 90S + 45S + 45S 
k = 180 lb/in. = 2160 lb/ft 

Natural frequency . 

V m 

1 2160 lb/ft 

“ . 75 lb 

y 32.2 ft/s 2 

co n = 30.453 rad/s 



* J 




‘isi 


2k _ 2k 
co n ~ 30.453 


0.20633 s 


/„ = 


1 


T n = 0.206 s A 
f„ =4.85 Hz ◄ 


(6) x = x m sin(<y ;i f + </>) x 0 -2 in. = 0.16667 ft = x m 

co n = 30.453 rad/s 
x- 0.16667 sin(30.453i + </>) 

x = (0.16667)(30.453)cos(30.453t + (/>) v max =5.08 ft/s ◄ 

x = -(0.16667)(30.453) 2 sin(30.453t + </>) u max = 154.6 ft/s 2 ◄ 
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w~ 

P 90 lb/in. 
C 90 lb/in. 


PROBLEM 19.19 

A 75-lb block is supported by the spring arrangement shown. The block is moved 
vertically downward from its equilibrium position and released. Knowing that the 
amplitude of the resulting motion is 2 in., determine (a) the period and frequency of 
the motion, (b) the maximum velocity and maximum acceleration of the block. 



SOLUTION 


(a) Determine the constant k of a single spring equivalent to the two springs shown. 


- + - 


S = &+S 2 =—- 

1 2 90 lb/in. 90 lb/in. k 

- = — + — k = 45 lb/in. = 540 lb/ft 
k 90 90 


Period of the motion. 


2k 


2k 


4m 4 


540 

75/32.2 


■ = 0.41265 s 




-= 2.42 Hz ◄ 

0.41265 


( b ) x = x m sin {co n t + (/>) x 0 - 2 in. = 0.16667 ft = x m 

co n = 2 Kf n = 2^(2.4233) = 15.226 rad/s 
x = 0.16667 sin(15.226f + (p) 
x = (0.16667)(15.226)cos(15.226f + 0) 

Vax = 2 -54 ft/s ◄ 

x = -(0.16667)(15.226) 2 sin(15.226f + (/>) a max = 38.6 ft/s 2 ◄ 
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3.5 kN/m g 

i :::: 2.8 kN/m 


2.1 kN/m 

JL 



PROBLEM 19.20 

A 13.6-kg block is supported by the spring arrangement shown. If the block is 
moved from its equilibrium position 44 mm vertically downward and released, 
determine (a) the period and frequency of the resulting motion, ( b ) the maximum 
velocity and acceleration of the block. 


SOLUTION 




Determine the constant k of a single spring equivalent to the three springs shown. 
Springs 1 and 2: 


8 - S x + 8 ,, and = — + — 
k k\ k 2 


Hence, 


k' = - 


k\ k 2 


where k' is the spring constant of a single spring equivalent of springs 1 and 2. 
Springs k' and 3: (Deflection in each spring is the same). 

P = P X + P 2 , and P = k8, /> = k'8, P 2 = k 2 8 


So 

P = 

Now 

kS 


k 

or 

k 

(a) Period and frequency: 

*n = 


fn — 


i' 7 k x k-, 

k + k? —--—h A', 

3 k x +k 2 3 

(3.5kN/m)(2.1 kN/m) „ ollvT , ,, 1rt3xT , 

■ + 2.8kN/m = 4.11kN/m = 4.11xlO N/m 


(3.5 kN/m)+ (2.1 kN/m) 
2 n 2 n 


4.11x10 N/m 


13.6 kg 


1 


0.3614 s 


= 0.361 s A 


f„ = 2-77 Hz ◄ 
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PROBLEM 19.20 (Continued) 

( b) Displacement: 

x = x m sin (a> n t + </>) 

x m = 44 mm = 0.044 m 

co n = 2nf n = Hz) = 17.384 rad/s 

x = (0.044 m) sin[(17.384 rad/s)f + 0\ 

Jc = (0.044 m)(17.384 rad/s) cos[(17.384 rad/s )t + (f i] 

Velocity: v max = (0.044 m)(17.384 rad/s) = 0.765 m/s 

x = -(0.044 m)(17.384 rad/s) 2 sin[(17.384 rad/s)t + (f>\ 

Acceleration: a mm = (0.044 m)(17.384 rad/s) 2 = 13.30 m/s 2 

l 'max = °- 765 ^ < 

fl max - 13.30 m/s 2 A 
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PROBLEM 19.21 


A 11-lb block, attached to the lower end of a spring whose upper end is fixed, vibrates with a period of 7.2 s. 
Knowing that the constant k of a spring is inversely proportional to its length (e.g., if you cut a 10 lb/in. spring 
in half, the remaining two springs each have a spring constant of 20 lb/in.), determine the period of a 7-lb 
block which is attached to the center of the same spring if the upper and lower ends of the spring are fixed. 
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PROBLEM 19.22 

Block A of mass m is supported by the spring arrangement as shown. Knowing that the mass of 
the pulley is negligible and that the block is moved vertically downward from its equilibrium 
position and released, determine the frequency of the motion. 


SOLUTION 


We first determine the constant k eq of a single spring equivalent to the spring and pulley system supporting the 
block by finding the total displacement d A of the end of the cable under a given static load P. Owing to the 
force 2 P in the upper spring the pulley moves down a distance 



Natural frequency: 


Si 


2 P 
~2k 


Owing to the force P in the lower spring, Point A moves down an 
additional distance 


*2 = 


P 

k 


The total displacement is 


But 


S A -S X + S 2 


_ 2 P P _2P 
~ ~2k ~k~~k~ 



so that 


eq 


k 

2 



co„ 



◄ 
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PROBLEM 19.23 



5^ Z- 

The period of vibration of the system shown is observed to be 0.2 s. After the spring of 

*1 

constant k 2 = 20 lb/in. is removed and block A is connected to the spring of constant 

♦ 

k\, the period is observed to be 0.12 s. Determine (a) the constant k\ of the remaining 

^ k -2 = 20 lb/in. 

spring, ( b ) the weight of block A. 


2J 
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y 


> (| 3kg j 

A 5 

A 3 kg 

lA 


PROBLEM 19.24 

The period of vibration of the system shown is observed to be 0.8 s. 
If block A is removed, the period is observed to be 0.7 s. Determine 
(a) the mass of block C, ( b ) the period of vibration when both blocks A 
and B have been removed. 
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D 


PROBLEM 19.25 

The 100-lb platform A is attached to springs B and D, each of which 
has a constant k -120 lb/ft. Knowing that the frequency of vibration of 
the platform is to remain unchanged when an 80-lb block is placed on it 
and a third spring C is added between springs B and D, determine the 
required constant of spring C. 


SOLUTION 


Frequency of the original system . 
Springs B and D are in parallel. 


Frequency of new system . 

Springs A, B, and C are in parallel. 


k e = k B + k D = 2(120 lb/ft) = 240 lb/ft 
2 k, 240 lb/ft 


=77.28 (rad/s) 2 

k e — k B + k D + k c — (2)(120) + k e 


,2_ K _ (240+ k c )(32.2 ft/s 2 ) 
" m A + m B (100 lb + 80 lb) 

(co'f =(0.1789)1240 + k c ) 

77.28 = (0.1789)(240 + k c ) 
k c =191.97 lb/ft 


k c = 192.0 lb/ft ◄ 
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PROBLEM 19.26 


The period of vibration for a barrel floating in salt water is found to be 
0.58 s when the barrel is empty and 1.8 s when it is filled with 55 gallons 
of crude oil. Knowing that the density of the oil is 900 kg/m 3 , determine 
(a) the mass of the empty barrel, ( b) the density of the salt water, p sw . 
[Hint: the force of the water on the bottom of the barrel can be modeled 
as a spring with constant k = /7 sw gA.] 



572 mm 
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PROBLEM 19.26 (Continued) 


( b) Density of the salt water. 


k = P sw gA 


k 2.5477 xl0 3 N/m 

Aw ~ gA~ (9.81 m/s 2 )(0.2570m 2 ) 

Aw - 1011 kg/m 3 ◄ 
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PROBLEM 19.27 



From mechanics of materials it is known that for a cantilever 
beam of constant cross section, a static load P applied at end B 
will cause a deflection S B = PL 3 /3EI , where L is the length of 
the beam, E is the modulus of elasticity, and 1 is the moment of 
inertia of the cross-sectional area of the beam. Knowing that 
L — 10 ft, E- 29xl0 6 lb/in. 2 , and 1= 12.4 in. 4 , determine (a) the 
equivalent spring constant of the beam, ( b ) the frequency of 
vibration of a 520-lb block attached to end B of the same beam. 
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PROBLEM 19.28 


From mechanics of materials it is known that when a static load P is 
applied at the end B of a uniform metal rod fixed at end A, the length 
of the rod will increase by an amount 8 = PL/AE, where L is the 
length of the undeformed rod. A is its cross-sectional area, and E is 
the modulus of elasticity of the metal. Knowing that L = 450 mm and 
E = 200 GPa and that the diameter of the rod is 8 mm, and neglecting 
the mass of the rod, determine (a) the equivalent spring constant of 
the rod, (b) the frequency of the vertical vibrations of a block of mass 
m — 8 kg attached to end B of the same rod. 
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PROBLEM 19.29 

Denoting by r) st the static deflection of a beam under a given load, show that the frequency of vibration of the 
load is 



Neglect the mass of the beam, and assume that the load remains in contact with the beam. 
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PROBLEM 19.30 

A 40-mm deflection of the second floor of a building is measured directly under a newly installed 3500-kg 
piece of rotating machinery, which has a slightly unbalanced rotor. Assuming that the deflection of the floor is 
proportional to the load it supports, determine (a) the equivalent spring constant of the floor system, (b) the 
speed in rpm of the rotating machinery that should be avoided if it is not to coincide with the natural 
frequency of the floor-machinery system. 
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PROBLEM 19.31 


r 

n 


~T 

S' 

c1 

1 ■■ 


If h = 700 mm and d = 500 mm and each spring has a constant k = 600 N/m, 
determine the mass m for which the period of small oscillations is (a) 0.50 s, 
( b ) infinite. Neglect the mass of the rod and assume that each spring can act in 
either tension or compression. 
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PROBLEM 19.31 (Continued) 


(a) For t- 0.5 s: 


Eq.(l): 


( b ) For T = infinite: 


Eq. (1): 


2n n . 2n 

T = —; 0.5 = — co„=4n 

co„ co„ 




05 

0.7 


9.81 

0.7 


m - 3.561 kg 
In 

T = — 
co„ 


0 = 


2(600) 


m 


05 

0.7 


9.81 

0.7 


m - 43.69 kg 


m - 3.56 kg -4 


m- 43.7 kg 4 
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PROBLEM 19.32 

The force-deflection equation for a nonlinear spring fixed at one end is F — 1.5.r 1/2 where F is the force, 
expressed in newtons, applied at the other end, and x is the deflection expressed in meters, (a) Determine the 
deflection xq if a 4-oz block is suspended from the spring and is at rest. (I?) Assuming that the slope of the 
force-deflection curve at the point corresponding to this loading can be used as an equivalent spring constant, 
determine the frequency of vibration of the block if it is given a very small downward displacement from its 
equilibrium position and released. 
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PROBLEM 19.33* 


Expanding the integrand in Equation (19.19) of Section 19.4 into a series of even powers of sin <p and 
integrating, show that the period of a simple pendulum of length / may be approximated by the formula 

r-2n ^ l + Ishr-'^j 
where Q m is the amplitude of the oscillations. 
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PROBLEM 19.34* 

Using the formula given in Problem 19.33, determine the amplitude 6 m for which the period of a simple 
pendulum is j percent longer than the period of the same pendulum for small oscillations. 
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PROBLEM 19.35* 

Using the data of Table 19.1, determine the period of a simple pendulum of length / = 750 mm (a) for small 
oscillations, (b) for oscillations of amplitude 6 m = 60°, (c) for oscillations of amplitude 0 m = 90°. 
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PROBLEM 19.36* 

Using the data of Table 19.1, determine the length in inches of a simple pendulum which oscillates with a 
period of 2 s and an amplitude of 90°. 


SOLUTION 


For large oscillations (Eq. 19.20), 



for 9 m = 90° 


K = 1.854 (Table 19.1) 

(2 s) = (2)(1.854)(2) /- l — 

32.2 ft/s 2 

(2 s) 2 (32.2 ft/s 2 ) 
[(4)(1.854)] 2 
= 2.342 ft 


/ = 28.1 in. ◄ 
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—i PROBLEM 19.37 

The uniform rod shown has mass 6 kg and is attached to a 
spring of constant k = 700 N/m. If end B of the rod is depressed 
C 10 mm and released, determine (a) the period of vibration, 

A ( ~a 6) B (b) the maximum velocity of end B. 


- h — 500 mm 

800 mm- 
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PROBLEM 19.37 (Continued) 


Natural frequency and period. 

co 2 n = 460.53 
(O n =21.46 rad/s 



In In 

6) n 21.46 rad/s 

T — 0.293 s ◄ 

(b) At end B. 

x m = 0.010 m 



=x m ta n 



= (10 mm)(21.46 rad/s) 

= 214.6 mm/s 

v m =0.215 m/s -4 
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18 in. 


PROBLEM 19.38 

A belt is placed around the rim of a 500-lb flywheel and attached as 
shown to two springs, each of constant k — 85 lb/in. If end C of the belt 
is pulled 1.5 in. down and released, the period of vibration of the 
flywheel is observed to be 0.5 s. Knowing that the initial tension in the 
belt is sufficient to prevent slipping, determine (a) the maximum 
angular velocity of the flywheel, ( b ) the centroidal radius of gyration of 
the flywheel. 
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PROBLEM 19.38 (Continued) 

(b) Centroidal radius of gyration. 


or since 

2 2 kr 2 

/ 

(4, rad/s)- 2(1020 lb/ft)(L5ft)2 

I = 29.067 slug ft 2 

I —mk 2 



500 lb V 2 =29 067 sl ft 2 
^ 32.2 ft/s 2 ) 



k =1.3682 ft 

k =16.42 in. ◄ 
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PROBLEM 19.39 (Continued) 


(a) Natural frequency and period . 


co„ 


288 

22.08 


= 3.6116 rad/s 
_ 2 n _ 2 n 

~ ffiT _ 3.6116 


(b) Maximum velocity at B . 


( V b) max 

e m 

6 m 


= (1.2)(0 

= 1 ± 

1.2 

= = 0.02083 rad 

1.2 


0 = 0 m sin(<y„f + ^) 

0 = d m OJ n cos,(<y„t + 0) 

6> max = 0 m (»n = (0.02083)(3.612) = 0.07524 rad/s 


r n = 1.740 s ◄ 


(v B ) max = (1.2)«9 max )= (1.2 m)(0.07524) rad/s 

( v s )max = 0.09029 m/s (v B ) max = 90.3 mm/s ◄ 
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w 


> 


k = 800 N/m ' 




D I C 


- 600 mm - 


400 mm \ 
B 


-1200 mm- 


PROBLEM 19.40 

Solve Problem 19.39, assuming that pin C is removed and that 
the disk can rotate freely about pin B. 

PROBLEM 19.39 An 8-kg uniform rod AB is hinged to a fixed 
support at A and is attached by means of pins B and C to a 12-kg 
disk of radius 400 mm. A spring attached at D holds the rod at 
rest in the position shown. If Point B is moved down 25 mm and 
released, determine ( a ) the period of vibration, (b) the maximum 
velocity of Point B. 


SOLUTION 


(a) 



Note: This problem is the same as Problem 19.39, except that the disk does not rotate, so that the effective 
moment I D a = 0. 

Equation of motion . EM A = {EM A ) tfi : F s = k(0.60+ S st ) 

(0.6 )(m R g -F s ) + 1 .2m D g = I R a+ (0.6 )(m R )(a t ) D +1.2 (m D ){a,) B (1) 

At equilibrium (6 - 0), F s = kS st 

A = 0 = 0.6 (m R g - S st ) +1.2 m D g (2) 


Substituting Eq. (2) into Eq. (1), I R a + 0.6 m R {a,) D +1 ,2m D (a t ) B +(0.6 ) 2 k6 - 0 

a = 6 

(a t ) B = 0 . 6 # 

( a t)n =1-2# 

/ R = — m R l 2 = —( 8 )( 1 . 2 )“ 

R n R 12 

= 0.960 kg • m 


[0.960 + (0.6) 2 (8) + (1.2) 2 (12)]# + (0.6) 2 (800)# = 0 

(288 N-m) 


# + - 


21.12 kg -m“ 


-6 = 0 
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PROBLEM 19.40 (Continued) 


(a) 


Natural frequency and period . 


co„ = 


288 

21.12 


= 3.693 rad/s 
_ 2 n _ 2 n 
~ ~cf ~ 3.693 


(b) Maximum velocity at B . 

(v B )max =( 1 - 2 )(^)max 

= = = 0.02083 rad 

1.2 1.20 

6* = 0 m sin (co„t + (/>) 
e = e m (D n cos(<y„i + 0) 

^max — ^rrfi^n 

= (0.02083X3.693) 

= 0.07694 rad/s 

( V if)max =( 1 - 2 X^max) 

= (1.2X0.07694) 

= 0.09233 m/s 


= 1.701s ◄ 


0 ; s)max =92.3 mm/s ◄ 
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JL D 


PROBLEM 19.41 

A 15-lb slender rod AB is riveted to a 12-lb uniform disk as shown. A 
belt is attached to the rim of the disk and to a spring which holds the rod 
at rest in the position shown. If end A of the rod is moved 0.75 in. down 
and released, determine (a) the period of vibration, (b) the maximum 
velocity of end A. 
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PROBLEM 19.41 (Continued) 


I A* ~ ln L 

AS ^ 

= ^(0.46584)(3.0) 2 

= 0.34938 lb • s 2 • ft 

T _ 1 2 
Aiisk — 2 ^disk^ 

= ^(0.37267)(0.83333) 2 
= 0.1294 lb • s 2 • ft 


0.34935+—(0.46584)(3.0) 2 +0.1294 
4 


6 + (360)(0.83333) 2 0 = 0 


1.5269/9+ 2506» = 0 or 6 + 163.73/9 = 0 

(a) Natural frequency and period . <y 2 = 163.73 (rad/s) 2 

to n =12.796 rad/s 

2n 2 k 


( b ) Maximum velocity . 


co n 12.796 

v B =©„*„= (12.796X0.75) 


T = 0.491s ◄ 
v„, =9.60in./s 4 
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k = 30 lb/in. 

PROBLEM 19.42 



A 30-lb uniform cylinder can roll without sliding on a 15°-incline. 

/ 


A belt is attached to the rim of the cylinder, and a spring holds the 

/ 

/f "x 

cylinder at rest in the position shown. If the center of the cylinder 


j 5 \o ) 

is moved 2 in. down the incline and released, determine (a) the 



period of vibration, (b) the maximum acceleration of the center of 



the cylinder. 


15° ^*^^**_ 

J . 
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PROBLEM 19.42 (Continued) 


Natural frequency . 

(a) Period . 

(b) 

At t = 0, 


Thus, 


co„ = 


8 k _ |(8)(30xl2 lb/ft) =321s _i 


( 3 ) 


(30 lb) 
(32.2 ft/s 2 ) 


2n 2 k . ,. 

r„ =— =-= 0.1957 s 

ox 32.1 


x 0 = (x 0 ) m sin (G) n t + </>) 

2 

Xn = - ft Xn = 0 

o 12 o 

x 0 = (x 0 ) m ^„ cos(<y„i +< 
t = 0 

0 = (x 0 ) m <y„ cos^ 



f = o 

X 0 (0) = - ft = (X 0 ) m sin </) = (x 0 ) m (1) 
6 

(*0 ) m = 7 ft 
6 

X 0 = _ (x 0 )„, o% sm(co n t + (/)) 


( fl o) max = (*o) n 


-(x 0 )„,ty„ 


= - - ft )(32.1 s^ 1 ) 2 

u r 

= 171.7 ft/s 2 


r„ =0.1957 s ◄ 


(a 0 ) max = 171.7 ft/s 2 ◄ 
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PROBLEM 19.43 

A square plate of mass m is held by eight springs, each of constant k. Knowing 
that each spring can act in either tension or compression, determine the 
frequency of the resulting vibration ( a ) if the plate is given a small vertical 
displacement and released, ( b ) if the plate is rotated through a small angle 
about G and released. 


SOLUTION 


(a) Small vertical displacement. 

Let the plate be displaced downward a distance x from the equilibrium position. Each corner moves 
downward a distance x and the four vertical springs exert additional forces kx for each spring. The 
horizontal springs exert negligible change. 


F = k* F -U* 
f * 


* 

& 

F= ieyi Ft lot 


+| = ma: -4 kx = nix 



.. 4k 

XH- X — 0 


m 


or 


VUCL - 


4k 


m 


Frequency: 


f= a±_ 

1 In 


1 

In 



/ = 0.318. 



◄ 


(b) Small rotation about G. 

Let the plate be rotated through a small counterclockwise angle #from the equilibrium position. The 
corners A, B, C, and D move as indicated below: 

( 1 / 2 ) 0 1 + ( 1 / 2)0 — 

( 1 / 2)0 - - 1 - (// 2 )#{ 

( 1 / 2)0 ( + ( 1 / 2)0 — 

(1/2)0 —► + (1/2)0 \ 



A: 

B: 

C: 

D: 


The additional force exerted by each of the eight springs is F — (kit2)0 and directed as shown on the 
free body diagram. The eight forces reduce to four clockwise couples, each of magnitude FI. For a 
square plate 
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PROBLEM 19.44 

Two small weights w are attached at A and B to the rim of a uniform disk of radius r 
and weight W. Denoting by t 0 the period of small oscillations when f3 - 0, determine 
the angle [3 for which the period of small oscillations is 2r„. 
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PROBLEM 19.45 

Two 40-g weights are attached at A and B to the rim of a 1.5-kg uniform disk of 
radius r = 100 mm. Determine the frequency of small oscillations when ft = 60°. 
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PROBLEM 19.46 

A three-bladed wind turbine used for research is supported on a shaft so that it is 
free to rotate about O. One technique to determine the centroidal mass moment of 
inertia of an object is to place a known weight at a known distance from the axis 
of rotation and to measure the frequency of oscillations after releasing it from rest 
with a small initial angle. In this case, a weight of W add = 50 lb is attached to one 
of the blades at a distance R — 20 ft from the axis of rotation. Knowing that when 
the blade with the added weight is displaced slightly from the vertical axis, the 
system is found to have a period of 7.6 s, determine the centroidal mass moment 
of inertia of the 3-bladed rotor. 


SOLUTION 

Let the turbine rotor be turned counterclockwise through a small angle 0. The moment of the added weight 
about Point O is 




M = -W a d d /?sin<9 


+)= X(M 0 ) eff : - W. ddA R sin 6 = I a + m iM Ra a 


d + m M R ~) a 

'add ^ 


= (I+ m . dM R 2 W 


0 + = 


W. dM R 


1 +m add^ 


-sin <9 = 0 


Using sin 6 ~ 6 gives 


e+ _ W ' dddR - 0 = 0 

1 +m iM R ~ 


0 + or 6 = 0 (o; — — 




1 m, ddd R ~ 
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PROBLEM 19.46 (Continued) 


Solving for I , 

7 ^add^ d 2 

1 = 2 m *dd R 

<°n 

(1) 

Data: 

R = 20 ft, W ldd = 50 lb 

m dd = Wadd = 50 lb , =1.5528 lb • s 2 /ft 

add g 32.2 ft/s 2 


Period and frequency: 

T — 7.6 s 

/=- = —Hz 

T 7.6 

CO =2 7tf = — = 0.82673 rad/s 
” 7.6 


From Eq. (1), 

7 = (5 ° lb)(2 ° ft) ? (1.5528 lb • s 2 /ft)(20 ft) 2 

(0.82673 rad/s) 2 

= 1463.10-621.12 

I = 842 lb • s 2 • ft ◄ 
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PROBLEM 19.47 

A connecting rod is supported by a knife-edge at Point A; the period of its small 
oscillations is observed to be 0.87 s. The rod is then inverted and supported by a knife- 
edge at Point B and the period of small oscillations is observed to be 0.78 s. Knowing 
that r a + r b = 10 in. determine (a) the location of the mass center G, (b) the centroidal 
radius of gyration k. 
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PROBLEM 19.47 (Continued) 


(a) Value of r a . 


Subtracting Eq. (2) from Eq. (1), gr 2 A r a - gr 2 B r b = 4n 2 {r; - r b ) 

g*l r a ~ g*l r b = 4 ^ 2 ( r « + r i,)( r a ~ r b) 

Applying the numerical data with r a +r h - 10 in. = 0.83333 ft 

(32.2)(0.87) 2 r fl -(32.2)(0.78) 2 = 4;r 2 (0.83333 )(r a -r h ) 

24.372r„ -19.590^ = 32.899(r fl - r b ) 

13.309/), = 8.527r a r b = 0.6407r fl 

0.83333 = r a + 0.6407 r a r a = 0.5079 ft r a = 6.09 in. ◄ 

r b =0.83333-0.5079 r h = 0.32543 ft r fc =3.91in. ◄ 

( b ) Centroidal radius of gyration . 

From Eq. (1), 4;r 2 k 2 - gt\r a - 47t 2 r 2 

= (32.2X0.87) 2 (0.5079) - 4^ 2 (0.5079) 2 = 2.1947 ft 2 
k = 0.2398 ft k = 2.83 in. ◄ 
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PROBLEM 19.48 

A 75-mm-radius hole is cut in a 200-mm-radius uniform disk, which is 
attached to a frictionless pin at its geometric center O. Determine (a) the 
period of small oscillations of the disk, ( b ) the length of a simple pendulum 
which has the same period. 


SOLUTION 



D.OTS'M 



) eff 


(+ -m H g (0.1) sin 0 = 1 D G - l H 0 - (0.1) 2 m H 0 


m D = ptKR 2 

= (pt; r)(0.2) 2 
= (0.04) Kpt 

2 

m H = P t7rr 

= {ptn) (0.075) 2 
= (0.005625) npt 

l D = X -m D R 2 = X -mAnpt)(2) 2 

= 800x10 ~ b npt 

, 1 2 

l H =- m H>~ 

= ^-(0.005625 /rpt)(0.75) 2 
= 15.82x10 ^npt 
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PROBLEM 19.49 


\ 

fl \ 

A uniform disk of radius r — 250 mm is attached at A to a 650-mm rod AB of 

4l 

negligible mass, which can rotate freely in a vertical plane about B. Determine 


the period of small oscillations (a) if the disk is free to rotate in a bearing at A, 



( b ) if the rod is riveted to the disk at A. 

\ Als 

= 250 mm 
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PROBLEM 19.50 

A small collar of mass 1 kg is rigidly attached to a 3-kg uniform rod of length 
L = 750 mm. Determine (a) the distance d to maximize the frequency of oscillation 
when the rod is given a small initial displacement, (b) the corresponding period of 
oscillation. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2308 





PROBLEM 19.50 (Continued) 


Natural frequency . 


co~ 


(i +! ^ d )s _ (f +d)g 

4+^rf 2 c i}+d 2 ) 

3 m R 


(a) To maximize the frequency, we need to take the derivative with respect to d and set it equal to zero. 

1 d(co;) _ (L 2 +d 2 )q)-(f + d)(2d) _ 
g d(d) ~ (Is+d 2 ) 2 

d 2 + Is - 3Ld - 2d 2 = 0 
d 2 + 3Ld -L 2 =0 

Solve for d knowing that L = 0.75 m d — 0.22708 or -2 All 1 

d = 0.22708 m d — 227 mm -4 

^3(0/75) + 0 22708^9.81 

C0 "~ (0.75 2 + 0.22708 2 ) 

= 21.6 co n = 4.6476 rad/s 

9 jr r )jr 

( b ) Period of oscillation. T„- — =- T„ = 1.352 s A 

- " co n 4.6476 
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PROBLEM 19.52 

A compound pendulum is defined as a rigid slab which oscillates about a fixed Point O, 
called the center of suspension. Show that the period of oscillation of a compound 
pendulum is equal to the period of a simple pendulum of length OA, where the distance 
from A to the mass center G is GA = k 2 IT. Point A is defined as the center of oscillation 
and coincides with the center of percussion defined in Problem 17.66. 
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PROBLEM 19.54 

Show that if the compound pendulum of Problem 19.52 is suspended from A instead of O, the period of 
oscillation is the same as before and the new center of oscillation is located at O. 
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PROBLEM 19.55 

The 8-kg uniform bar AB is hinged at C and is attached at A to a spring of 
constant k = 500 N/m. If end A is given a small displacement and released, 
determine (a) the frequency of small oscillations, ( b ) the smallest value of 
the spring constant k for which oscillations will occur. 


B 
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PROBLEM 19.56 

B _ y 

c 

l 

C D 

> - 

Two uniform rods, each of mass m = 12 kg and length L = 800 mm, are 
welded together to form the assembly shown. Knowing that the constant of 
each spring is k — 500 N/m and that end A is given a small displacement 
and released, determine the frequency of the resulting motion. 

JJ ZE 

k < 

Z§Z 

zz j 

<> 

A 

— 1 
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PROBLEM 19.57 

A 45-lb uniform square plate is suspended from a pin located 
at the midpoint A of one of its 1.2-ft edges and is attached to 
springs, each of constant k - 8 lb/in. If comer B is given a small 
displacement and released, determine the frequency of the 
resulting vibration. Assume that each spring can act in either 
tension or compression. 
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PROBLEM 19.58 

A 1300-kg sports car has a center of gravity G located a distance h above a line 
connecting the front and rear axles. The car is suspended from cables that are 
attached to the front and rear axles as shown. Knowing that the periods of 
oscillation are4.04 s whenL = 4m and 3.54 s when L — 3 m, determine h and the 
centroidal radius of gyration. 


SOLUTION 


Let the mass center of the car be displaced a small distance x to the right. The mass center is moves on a 
circular arc of radius L - h, so that x — (L — h) sin 9, where 60s the counterclockwise rotation of the car. 
From kinematics 

a-9 a, = (L-h)d 



M 0 = —mg(L - h) sin 9 
+ ) M q — I a + (L — h)nia t 

-mg(L-h) sin# = 16 + m(L — h) 2 6 
Dividing by m and transposing terms yields 


[k z + (L - h) 2 ]0 + g(L - h) sin d = 0 


For small angle 6 ; sin 6 ~ 9 


e+ -f L = v 

k 2 +(L-h) 2 

9 + (o;6 = 0 m 2 = §(L ~ h) 


" k 2 +(L- h) 2 


k 2 +(L-h) 2 =J-(L-h) 

cot 
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PROBLEM 19.58 (Continued) 


Using the two different values (L l and L 2 ) for L, 



k 2 +(L l -h) 2 =-^(L l -h ) 

(1) 


k 2 +(L 2 -h) 2 =-£-(L 2 -h) 

<°n2 

(2) 

Subtracting Eq. (2) from Eq. (1) to eliminate k °, 



a, - hfh 

co; x a>~ 2 \co n] to n2 J 


( 

L 2 - L 2 ) -2 (Lj -L 2 )h = A-Bh 


where 

_ gL i gL 2 

® 2 nl 0>n2 


and 

b=4-4- 



h _ f-a-A 

2(E l —L^ — B 


Data: 

L : =4m, L 2 -3m, g- 9 .81 m/s 2 



In In 

oj, = = =1.55524 rad/s 

" T, 4.04 s 

2 n 2 n 

0)„ 2 = = =1.77491 rad/s 

t 2 3.54 s 

A = (9 ' 81)(4) ,- (9 ' 81)(3 \= 6.8812m 2 
(1.55524) 2 (1.77491) 2 

B= 981 , 981 , = 0.94190 m 

(1.55524) 2 (1.77491)“ 



, (4) 2 -(3) 2 -6.8812 Allooo 

h =-= 0.11228 m 

2(4-3)-0.94190 

h = 0.1123 m ◄ 


Lj -h = 3.88772 m L 2 - h = 2.88772 m 


From Eq. (1), 

P + (3.88772) 2 = (9 - 81)(3 - 887 2 72) 

(1.55524) 2 



k 2 = 0.65336 m 2 

k = 0.808 m A 

Checking, using Eq. (2), 

P + (2.88772) 2 = (9 - 81)(2 - 88772) 

(1.77491) 2 



k 2 = 0.65339 m 2 
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PROBLEM 19.59 


A 6-lb slender rod is suspended from a steel wire which is known to 
have a torsional spring constant K - 1.5 ft -lb/rad. If the rod is rotated 
through 180° about the vertical and released, determine (a) the period 
of oscillation, ( b ) the maximum velocity of end A of the rod. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 



2320 






PROBLEM 19.60 

A uniform disk of radius r = 250 mm is attached at A to a 650-mm rod A B of 
negligible mass which can rotate freely in a vertical plane about B. If the rod is 
displaced 2° from the position shown and released, determine the magnitude of 
the maximum velocity of Point A, assuming that the disk (a) is free to rotate in 
a bearing at A, ( b ) is riveted to the rod at A. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2321 





PROBLEM 19.60 (Continued) 


( b ) When the disk is riveted at A, it rotates at an angular acceleration a. 

- 1 2 

Equation of motion . EM B - (EM B ) et{ : -mglsinO = I a + lma t , I =—mr , sin9~9 


—mr 2 +ml 2 \9 + mgl9 = 0 


Frequency . a) 2 = 

(9.81X0.650) 

~~ y (0.250) 2 + (0.650) 2 
= 14.053 

co n =3.7487 rad/s 



6 m = 2° = 0.034906 rad 

9 m = co n 9 m = (3.7487)(0.034906) = 0.13085 rad/s 
(v A ) m =I0m =(0.650X0.13085) 

(y A ) m = 0.0851 m/s A 
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PROBLEM 19.61 


Two uniform rods, each of mass m and length l, are welded together to form 
the T-shaped assembly shown. Determine the frequency of small oscillations 
of the assembly. 
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PROBLEM 19.62 

t —r 

-1) B 

A homogeneous wire bent to form the figure shown is attached to 
a pin support at A. Knowing that r — 220 mm and that Point B is 
pushed down 20 mm and released, determine the magnitude of the 
velocity of B, 8 s later. 
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PROBLEM 19.63 

A horizontal platform P is held by several rigid bars which are 
connected to a vertical wire. The period of oscillation of the platform is 
found to be 2.2 s when the platform is empty and 3.8 s when an object A 
of unknown moment of inertia is placed on the platform with its mass 
center directly above the center of the plate. Knowing that the wire has 
a torsional constant K = 21 N • m/rad, determine the centroidal moment 
of inertia of object A. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2326 




X 


PROBLEM 19.64 

A uniform disk of radius r = 120 mm is welded at its center to two elastic rods of 
equal length with fixed ends at A and B. Knowing that the disk rotates through an 
8° angle when a 500-mN • m couple is applied to the disk and that it oscillates with 
a period of 1.3 s when the couple is removed, determine (a) the mass of the disk, 
( b ) the period of vibration if one of the rods is removed. 
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PROBLEM 19.65 

A 5-kg uniform rod CD of length / = 0.7 m is welded at C to two 
elastic rods, which have fixed ends at A and B and are known to have 
a combined torsional spring constant K — 24 N • m/rad. Determine 
the period of small oscillation, if the equilibrium position of CD is 
( a ) vertical as shown, (b) horizontal. 
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PROBLEM 19.66 (Continued) 



(a) 

Period. 

2k 2k 

T ~ (O n ~ 3.2203 


r = 1.951 s ◄ 


Maximum rotation. 

9 m = 360° = 2k rad 




Maximum angular velocity. 

6 m = co n 0 m = (3.2203)(2;r) = 20.234 rad/s 

(b) 

Maximum velocity at a vertex. 





• 2 • 2 S, (2) 

m ' m 3 h ° m 32 [ 3 J 

l 2 J 

(0.150X20.234) 





v m = 1.752 m/s A 
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PROBLEM 19.67 

A period of 6.00 s is observed for the angular oscillations of a 4-oz gyroscope rotor 
suspended from a wire as shown. Knowing that a period of 3.80 s is obtained when a 
1.25-in.-diameter steel sphere is suspended in the same fashion, determine the centroidal 
radius of gyration of the rotor. (Specific weight of steel = 490 lb/ft 3 .) 
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PROBLEM 19.68 

The centroidal radius of gyration k y of an airplane is determined by 
suspending the airplane by two 12-ft-long cables as shown. The 
airplane is rotated through a small angle about the vertical through G 
and then released. Knowing that the observed period of oscillation is 
3.3 s, determine the centroidal radius of gyration k y . 


SOLUTION 


Let the airplane rotate through the small angle 9 about a vertical axis. Suspension Points C and D on the 
airplane each move horizontally a distance (10 ft) sin 9 ~ (10 ft) 9. Let (p be the angle between a cable and 
the vertical direction. Then, sin cp = (10 ft)#/(12 ft) = j-9. 

+| ZF = 0: 2T cos (p-W =0 



2cos (p 2 

Let F be the horizontal component of T. 


W 5 5 

F - T&in(p~ - 9 = —W9 

2 6 12 



The two forces F form a couple of moment 


M = -(20 ft)F = -(20) 


— \we 
12 


Equation of motion: 


+)IM y =I y a: -20 


5W_ 

12 


9 \ = —k:9 


9 + m^9 = 0 

12L 2 
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PROBLEM 19.68 (Continued) 


Natural frequency: 

2 _ (20)(5)g _ (20)(5)(32.2) _ 268.33 
" 12 k; 12 k y k v 2 

- 2 268.33 

k y= 2 

<°n 

- 16.381 16.381 

k v =-=- 

co n Inf 



_ 2.601 _ 2 6 07r 
/ 


With r = 3.3s, 

k y =(2.607)(3.3) 

k y = 8.60 ft ◄ 
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PROBLEM 19.69 


A 1.8-kg collar A is attached to a spring of constant 800 N/m and can slide 
without friction on a horizontal rod. If the collar is moved 70 mm to the 
left from its equilibrium position and released, determine the maximum 
velocity and maximum acceleration of the collar during the resulting motion. 
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PROBLEM 19.70 

Two blocks, each of weight 3 lb, are attached to links which are 
pin-connected to bar BC as shown. The weights of the links and 
bar are negligible, and the blocks can slide without friction. 
Block D is attached to a spring of constant k = 4 lb/in. 
Knowing that block A is moved 0.5 in. from its equilibrium 
position and released, determine the magnitude of the maximum 
velocity of block D during the resulting motion. 
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T— C*a PROBLEM 19.71 



A 14-oz sphere A and a 10-oz sphere C are attached to the ends of a rod AC of 
negligible weight which can rotate in a vertical plane about an axis at B. Determine the 
period of small oscillations of the rod. 


8 in. 
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PROBLEM 19.72 

Determine the period of small oscillations of a small particle which 
moves without friction inside a cylindrical surface of radius R. 
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PROBLEM 19.73 

The inner rim of an 85-lb flywheel is placed on a knife edge, and the 
period of its small oscillations is found to be 1.26 s. Determine the 
centroidal moment of inertia of the flywheel. 


SOLUTION 

Datum at ®: 
Position ® 


Position © 


h=\h VI =0 


T 2 = 0 V 2 = nigh 
h = r(\ — cos 0 fn ) = r 

el 


^2 sin 2 — 
2 


V 2 = mgr 


el 


Conservation of energy . 


T 1 +V l =T 2 +V 2 : ±I o e 2 m +0 = 0 + mgr^ 


For simple harmonic motion, 6 m = C 0 n 6 m 


hafter = mgr el 


CO. 


2 _ mgr 


An 2 (4 7T)I 0 


co: 


mgr 



Moment of inertia. 


I 0 =I+mr 2 I+mr 2 

- (rf)(mgr) 

I = --- mr - 

Att 


(r 2 n ) (mgr) 

Ak 2 

(1.26 s) 2 (851b) ( 7 A 
An 2 112 ) 


(85 lb) 
(32.2 ft/s 2 ) 



I =1.994-0.8983 


/ = 1.096 lb ft s 2 ◄ 
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-rtf- 


r a 


i 1 

al 

\4 

By 


-^ 


PROBLEM 19.74 

A connecting rod is supported by a knife edge at Point A; the period of its small 
oscillations is observed to be 1.03 s. Knowing that the distance r a is 6 in. determine the 
centroidal radius of gyration of the connecting rod. 


SOLUTION 

Position © Displacement is maximum. 


T i = °> V\= m S r a 0 - cos e m ) - J mgr a el 


Position © Velocity is maximum. 


G 'm 'arm 

T 2 A m ^G + \ J ^=\mrae 2 m +\rnk 2 e 2 m 


(©/ )m = r A 

1 

2 
1 
2 

v 2 =o 


= \ m { f a +k2 ) () l 


For simple harmonic motion, 
Conservation of energy . 


d m = co n e m 


T\ + V l -T 2 + V 2 


or = 


Data: 


r n = 1.03 s a 
r, = 6 in. = 0.5 ft 


1 ( 2 
— m r 

+ P) 

or el + 0 

2 ' 


n m 

8 r a 

- or 


r a +k 

K ~ 2 
(On 

2k 

2 n 

= 6.1002 r 




~ 1.03 



— r 


g = 32.2 ft/s" 


k 2 = (32 - 2)(Q - 5) _(0.5) 2 =0.43265 -0.25 = 0.18265 ft 2 

(6.1002) 2 

k = 0.42738 ft 


k =5.13in. 4 
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PROBLEM 19.76 


A homogeneous wire of length 21 is bent as shown and allowed to 
oscillate about a frictionless pin at B. Denoting by r„ the period of 
small oscillations when J3 -0, determine the angle /? for which the 
period of small oscillations is 2r„. 
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PROBLEM 19.77 

A uniform disk of radius r and mass in can roll without slipping on a cylindrical 
surface and is attached to bar ABC of length L and negligible mass. The bar is 
attached to a spring of constant k and can rotate freely in the vertical plane about 
Point B. Knowing that end A is given a small displacement and released, 
determine the frequency of the resulting oscillations in terms of m, L, k, and g. 
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B \ 

k = 4.5 lb/in. 

PROBLEM 19.79 



A 15-lb uniform cylinder can roll without sliding on an incline 

/ 4 in. j 


and is attached to a spring AB as shown. If the center of the 

l A 


cylinder is moved 0.4 in. down the incline and released, determine 
(a) the period of vibration, ( b) the maximum velocity of the center 


o 

II , 

of the cylinder. 
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PROBLEM 19.81 



A slender rod AB of mass m and length l is connected to two 
collars of negligible mass in a horizontal plane as shown. Collar 
A is attached to a spring of constant k. Knowing that the collars 
can slide freely on their respective rods and the system is in 
equilibrium in the position shown, determine the period of 
vibration if collar A is given a small displacement and released. 
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PROBLEM 19.81 

(Continued) 

For simple harmonic motion, 

d,n = OA„ 


Conservation of energy: 

Tl + Vl =T 2 + V 2 : 

O + \kl 2 cos 2 /30 2 m = ] -ml 2 af n 9 2 m +O 

2 6 

Natural frequency: 

2 3k 2 n 

G>n = —COS- A 
m 

2 n 
r = — 


Period of vibration: 

T-Infnl'ikcos 1 P A 
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PROBLEM 19.82 



A slender rod AB of mass m and length / is connected to two 
collars of mass m c in a horizontal plane as shown. Collar A is 
attached to a spring of constant k. Knowing that the collars can 
slide freely on their respective rods and the system is in 
equilibrium in the position shown, determine the period of 
vibration if collar A is given a small displacement and released. 
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PROBLEM 19.82 (Continued) 


But, 

= ~ e ,n 


so that 

T 2 = \[\ m + m c\ l2 ^n 



O 

II 


Conservation of energy: 

T x +V, =r 2 +V 2 : 0 + Ul 2 compel =^m + m c \w n e 2 m 

Natural frequency: 

2 kcos 1 B 

co n =-— 

f + m c 


Period of vibration: 

111 „ 

T — - T — 2 71 ^ 

—+ m c \kcos 2 j3 A 

v 3 ) 
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PROBLEM 19.83 

An 800-g rod AB is bolted to a 1.2-kg disk. A spring of constant 
k —12 N/m is attached to the center of the disk at A and to the wall 
at C. Knowing that the disk rolls without sliding, determine the 
period of small oscillations of the system. 
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5 in. 


8 in. 


He 


PROBLEM 19.85 

A 14-oz sphere A and a 10-oz sphere C are attached to the ends of a 20-oz rod AC which can 
rotate in a vertical plane about an axis at B. Determine the period of small oscillations of the rod. 
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PROBLEM 19.89 

An inverted pendulum consisting of a rigid bar ABC of length / and mass m is 
supported by a pin and bracket at C. A spring of constant k is attached to the 
bar at B and is undeformed when the bar is in the vertical position shown. 
Determine (a) the frequency of small oscillations, ( b ) the smallest value of a 
for which these oscillations will occur. 


SOLUTION 

Moment of inertia: 

Position © Maximum deflection. Let rod AC rotate through angle 9 m . The spring stretches an amount 


/ =— ml 2 
12 


i = a sin 9,„ 


and the center of gravity moves down an amount 
-y„, =^-(i-cos0 m ) 

*1 = 2 kX "< + m sy,n 


1 2 / 

= ~k(a sin 6 m ) - mg-( 1 - cos 6 m ) 


2 
1 

2 

T x = 0 


1 , 2 p2 [ l 

-ka e m -mg | - 


-A, 

V 2 


= Tl ka2 -\ m 8 l \°m 


Position © Maximum velocity: 

For simple harmonic motion, 

Velocity of the mass center of the rod: 


9 = -co„9„. 


-C-e 

2 
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8 in. 

J 

8“ PROBLEM 19.90 


A / 

Whs 

\/ D g Two 12-lb uniform disks are attached to the 20-lb rod AB as 



AM — 

) shown. Knowing that the constant of the spring is 30 lb/in. and 




that the disks roll without sliding, determine the frequency of 

vibration of the system. 
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6 in. 6 in. 



PROBLEM 19.91 

The 20-lb rod AB is attached to two 8-lb disks as shown. Knowing that the 
disks roll without sliding, determine the frequency of small oscillations of 
the system. 


SOLUTION 


Position © 
r- 6 in. 


Position ® 



Kinematics: 


Position ® (Maximum displacement) 


lA = h=\ m A rl=\(i 0.24845) 

= 0.031056lb-s ft 

= — = 0.621121b-s 2 /ft 
32.2 

v m = r A 0 m =0.5<9,„ 

f - 


12 


— \e.„=-e, 

12 


m r m 


T x =0 


V l = -W AB | —cos#„, | =-cos 9,„ 


80 
—( 

12 


Position © (Maximum speed) 


1 


rp - 2 . 1 7 nl , 1 2 . 1 7 A2 . 1 2 

^2 = ^ m A V m + ^+ 2 + ^ 7 B ^ ^ ”Wa£ 


= 2 


(0.24845)(0.5^„ ) 2 + ^(O.O31O56)0 2 


+ ^(0.62112) 


'V* 

v6^ 


= 0.101795<? 2 




12 


80 

12 
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PROBLEM 19.92 



A half section of a uniform cylinder of radius r and mass m rests on two 
casters A and B, each of which is a uniform cylinder of radius r/4 and mass ml 8. 
Knowing that the half cylinder is rotated through a small angle and released 
and that no slipping occurs, determine the frequency of small oscillations. 
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PROBLEM 19.93 

The motion of the uniform rod AB is guided by the cord BC and by the 
small roller at A. Determine the frequency of oscillation when the end B of 
the rod is given a small horizontal displacement and released. 
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PROBLEM 19.94 

A uniform rod of length L is supported by a ball-and-socket 
joint at A and by a vertical wire CD. Derive an expression for 
the period of oscillation of the rod if end B is given a small 
horizontal displacement and then released. 
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PROBLEM 19.94 (Continued) 


But for simple harmonic motion, 

d,n = & An 



' mgbL el = 'mL\co„eJ 

4 h 6 



..2 _ 3 b s 
” 2 hL 


Period of vibration. 

2k 

T n = - 

a \2tlL . 

T n =2 K - ◄ 


(On 

i 3 bg 
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k = 350 N/m 

WVW^^l 


A 



PROBLEM 19.96 

A 0.6-kg uniform arm ABC is supported by a pin at B and is attached 
to a spring at A. It is connected at C to a 1.4-kg mass M which is 
attached to a spring. Knowing that each spring can act in tension or 
compression, determine the frequency of small oscillations of the 
system when the weight is given a small vertical displacement and 
released. 


300 mm 


SOLUTION 


Data: 


l ab 


1 ABC 


m 


ABC 


l ba 


m 


bc 


W, 


BA 


w, 


BC 


W r 


= 260 N/m k c — 350 N/m 

= 0.200 m l BC = 0.300 m 
= ^ba + ^ba ~ 0.500 m 
= 0.6 kg m c =1.4kg 


0.200 

=- m 

0.500 ' 

0.300 

=- m 

0.500 ' 


|(0.6kg) = 0.24kg 
|(0.6kg) = 0.36kg 


= m BA g = (0.24 kg)(9.81 m/s 2 ) = 2.3544 N 
= m BC g - (0.36 kg)(9.81 m/s 2 ) = 3.5316 N 
= m c g = (1.4 kg)(9.81 m/s 2 ) = 13.734 N 


Let x A and x c be the amounts of stretch from their zero force lengths of the springs at locations A and C, 
respectively. Let 6 be the small clockwise rotation of arm ABC about the fixed Point B. measured from the 
equilibrium position. Let y BA and y BC be the upward movement of the mass centers of portions BA and BC 
of the arm ABC. 
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Potential energy: 


PROBLEM 19.96 (Continued) 


1 2 1 2 

V - W c y c + W BC y BC + W BA y BA + — k A x A + —k B x B 


-l BA ( 1-COS0) 


- W C 1 BC sin 9 + W BC ^ ^ 1 BC sin 9 | W BA 

1 , 1 , 

+ - ■ k A BA sin 0 + 8A ) + - ■ k c ( 1 BC sin 9 + S c ) 

= W C 1 BC sin 9 + -W BC l BC sin 9 - ~W BA l BA (1 - cos 9) 
+ 2 k A l 2 BA sin 2 0 + k A l BA S A sin 9 + —k A S A 
+ -^k c l BC sin 2 9+ k c l BC S c sin 9 + —k c S 2 : 


where S A and S c are the spring elongations at the equilibrium position. 
In the static equilibrium position, 


fj'LM B -0: W C 1 BC + ^ W bc Ibc + (^-a^a^ba + (k c S c )l BC _ 0 


Substiting Eq. (2) into Eq. (1) gives 


V - ~W BA l BA (1 - cos 9) + U A l 2 HA sin 2 9 
+- k c f BC sin 2 <9 + - k A 5 2 a + -k c Sl 


Kinematics for position with 9-0. 

A 



i - 


l BC L 


v c— y bc@ 


V BC - 2 l BC 6 


V BA ~ ^ i BA@ 


1 -2 1 7 

0 m BA V BA + ^ 'bA l 


2)2 


1 2 1 

= “ m C 1 bC@ + ^ m BC I 2^BC^ 


1 


V i f 

+ - 


.~ m Bchc 1 9 

v 12 


1 


ir i 


+ \rn BA ri BA 9\ + 2 I n m B J BA 


9 


( 1 ) 


(2) 


(3) 
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PROBLEM 19.96 (Continued) 


If ?2 1 ,2 1 ,2 

■ 2 f l C^BC + 2 m BC BC + 2 m n'BA 


Conservation of energy: T 1 +V l =T 2 + V 2 

Position ®. (Maximum deflection) 0 - 6 


T x = 0 


e 2 


(4) 


(5) 


( 6 ) 


For small angle 9 m 


Vi = ~\ w a B l AB (> - cos 9 m ) + X -k A l\ A sin 2 9 m 

+ ^XXc S i n + XX + X A 


S ' n A “A 


1 - cos#,, = 2 sin 2 — = —9 2 


~ - _ W ba IbA + XXt + XAc 


1 


?2 1 


+ 2 k A S A + 2 ^ex¬ 


position ©: Maximum velocity. 0-0 

For simple harmonic motion 0 - (0 n 9 m 


1 


1 


1 


To — - hYl Rr l R r + _ PI Rr l Rr + _ hYl RA l RA \(O,,0. 




^ ^ DC. OL DC DC ^ 

Substituting Eqs. (6), (7), (8), and (9) into Eq. (5) and noting that the terms containing S A and S c cancel, 


(7) 

(B) 

(9) 


If 1 2 0 

0 + — ~— W HA Ibc + k/^BA + k c l BC 


ei 


- 2 m C^BC + 2 m BC^BC + 2 m BA^BA \ CO n^m + ^ 


Applying the numerical data: —— W BA l BA + k A l BA + k c l BC 

1 


= --(2.3544X0.2, + (350X0.2,' + «260,,0.3)- 
= -0.23544 + 14.0 + 23.4 = 37.165 N • m 
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PROBLEM 19.96 (Continued) 



m chc + ^ m BC l BC + ^ m BA ^ BA 

= (1.4)(0.3) 2 +^(0.36)(0.3) 2 +^(0.24)(0.2) 2 
= 0.126 + 0.0108 + 0.0032 = 0.1400 kg • m 2 


Then, 

i(37.165)0 2 =i(O.14OO)a> 2 0 2 


Natural frequency: 

2 37.165 

cor, =-= 265.46 

" 0.1400 

t o n = 16.293 rad/s 

f _ O, 

1 2 n 

f = 2.59 Hz ◄ 
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r 

—/— 


PROBLEM 19.97* 

i 

— i 





/ 

A thin plate of length l rests on a half cylinder of radius r. Derive an expression 
for the period of small oscillations of the plate. 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2383 





PROBLEM 19.98* 


As a submerged body moves through a fluid, the particles of the fluid flow around 
the body and thus acquire kinetic energy. In the case of a sphere moving in an 
ideal fluid, the total kinetic energy acquired by the fluid is j pVv 2 , where p is the 
mass density of the fluid, V is the volume of the sphere, and v is the velocity of the 
sphere. Consider a 500-g hollow spherical shell of radius 80 mm, which is held 
submerged in a tank of water by a spring of constant 500 N/m. (a) Neglecting 
fluid friction, determine the period of vibration of the shell when it is displaced 
vertically and then released, (b) Solve Part a, assuming that the tank is accelerated 
upward at the constant rate of 8 m/s 2 . 
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PROBLEM 19.99 

A 20-kg block is attached to a spring of constant k - 8 N/m and can move 
without friction in a vertical slot as shown. The block is acted upon by a 
periodic force of magnitude P = P m sin co f t, where P m - 100 N. Determine the 
amplitude of the motion of the block if (a) co f = 10 rad/s, (b) C0j =19 rad/s, 
(c) C0j- = 30 rad/s. 


SOLUTION 

Equation of motion: 

The steady state response is 

where 

and 

(a) (O t = 10 rad/s: 

( b ) a>f = 19 rad/s: 

(c) COj = 30 rad/s: 


mix + kx = P m sin OJ f t 


Pm'k 



co„ 



8000 N/m 
20 kg 


= 20 rad/s 


100 N nm0 <- 

P„,lk = -= 0.0125 m 

8000 N/m 


= — = 0.5 
co„ 20 


0.0125 nm ,,„ 

x m = -r- = 0.01667 m 

1 — (0.5)“ 


(Of 19 

= — = 0.95 

(O n 20 

0.0125 


1 -(0.95)“ 


■ = 0.1282 m 


®L = 30 =1 c 

20 

0.0125 


1-C1-5 f 


= -0.0100 m 


x m - 166.7 mm 4 
(in-phase) 


x m =128.2 mm -4 
(in-phase) 


x m = 10.00 mm 4 
(out-of-phase) 
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P = P m sin (Oft 


k = 8 kN/m 



PROBLEM 19.100 

A 20-kg block is attached to a spring of constant k — 8 kN/m and can move 
without friction in a vertical slot as shown. The block is acted upon by a 
periodic force of magnitude P = P m sin (Oft, where P m =10 N. Knowing 
that the amplitude of the motion is 3 mm, determine the value of co f . 


SOLUTION 

Equation of motion: 

The steady state response is 

where 

and 

Solve for co f /(O n : 

The amplitude is 3 mm so that 
so that 

For the in-phase motion, 


For the out-of-phase motion, 


mx + kx = P m sin co f t 


P m Ik 



CO„ 



8000 N/m 
20 kg 


= 20 rad/s 


PJk = 10 N = 0.00125 m 

8000 N/m 


tOf 


C0„ 


\l/2 


kx. 


m J 


x m = ±0.003 m. 



0.00125 m 
±0.003 


±0.41667 


— = (\- 0.41667) 1/2 = 0.76376 
(O f = (0.76376X20 rad/s) 


co 


co„ 


f = (1 + 0.41667) 172 


= 1.19024 


co f = (1.19024)(20 rad/s) 


(Of - 15.28 rad/s A 


(O f - 23.8 rad/s A 
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PROBLEM 19.101 



A 9-lb collar can slide on a frictionless horizontal rod and is attached to 
a spring of constant £. It is acted upon by a periodic force of magnitude 
P - P m sin a>j t, where P m — 2 lb and a>j = 5 rad/s. Determine the value 
of the spring constant k knowing that the motion of the collar has an 
amplitude of 6 in. and is (a) in phase with the applied force, (b) out of 
phase with the applied force. 


SOLUTION 

A b 


Eq. (19.33): 

k 2 k 

*m = , .2 ®„ = 

i-fc) 

_ P m 

k - mcoj 

k = —+ mo) ) 

x m 


Data: 

W 9 

P = 2 lb, m = = = 0.2795 lb 

g 32.2 

s 2 /ft 


LOf = 5 rad/s 



k = — + (0.2795)(5) 2 

X ,n 



= — + 6.9876 


(a) (In phase) 

x m = 6 in. = 0.5 ft 



£ = — + 6.9876 

0.5 

£ = 10.99 lb/ft ◄ 

( b ) (Out of phase) 

x m - -6 in. = -0.5 ft 



k= 2 +6.9876 
-0.5 

£ = 2.99 lb/ft ◄ 
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PROBLEM 19.102 



A collar of mass m which slides on a frictionless horizontal rod is attached 
to a spring of constant k and is acted upon by a periodic force of 
magnitude P = P m sin (Oft. Determine the range of values of 0 ) f for which 
the amplitude of the vibration exceeds two times the static deflection 
caused by a constant force of magnitude P m . 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2388 






^oT 



P = P m sin COrt 


PROBLEM 19.103 

A small 20-kg block A is attached to the rod BC of negligible mass 
which is supported at B by a pin and bracket and at C by a spring of 
constant k — 2 kN/m. The system can move in a vertical plane and is 
in equilibrium when the rod is horizontal. The rod is acted upon at C 
by a periodic force P of magnitude P = P m sin (OA, where P m = 6 N. 
Knowing that b = 200 mm, determine the range of values of co f - for 
which the amplitude of vibration of block A exceeds 3.5 mm. 
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'I = T,„ sin (Oft 


PROBLEM 19.104 

An 8-kg uniform disk of radius 200 mm is welded to a vertical shaft 
with a fixed end at B. The disk rotates through an angle of 3° when a 
static couple of magnitude 50 N • m is applied to it. If the disk is acted 
upon by a periodic torsional couple of magnitude T = T m sin (Oft, where 
T m — 60 N • m, determine the range of values of (Of for which the 
amplitude of the vibration is less than the angle of rotation caused by a 
static couple of magnitude T m . 


SOLUTION 

Mass moment of inertia: 

Torsional spring constant: 


/ = I mr 2 = i(8)(0.200) 2 = 0. 16 kg • m 2 


k = t - 

e 

T = 50 N • m 
9 = 3° = 0.05236 rad 

* = - 50 


0.05236 
= 954.93 N • m/rad 


Natural circular frequency: 


For forced vibration, 



For the amplitude \0 m \ to be less than 0 r we must have co f > 0 ) n . 


Then 


WJ = - 


e ' 




2 <*« 




- 1>1 


C (Or ^ 


\<°nj 


>2 (o f > V2 0 ) n - (V2)(77.254) 


(Of > 109.3 rad/s A 
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PROBLEM 19.106 



A cantilever beam AB supports a block which causes a static 
deflection of 8 mm at B. Assuming that the support at A undergoes 
a vertical periodic displacement 8 = 5 rn sin (O f t, where S m = 2 mm, 
determine the range of values of co f for which the amplitude of 
the motion of the block will be less than 4 mm. Neglect the weight 
of the beam and assume that the block does not leave the beam. 
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PROBLEM 19.107 

Rod AB is rigidly attached to the frame of a motor running at a 
constant speed. When a collar of mass m is placed on the spring, it is 
observed to vibrate with an amplitude of 15 mm. When two collars, 
each of mass m, are placed on the spring, the amplitude is observed 
to be 18 mm. What amplitude of vibration should be expected when 
three collars, each of mass m, are placed on the spring? (Obtain two 
answers.) 


SOLUTION 

(a) One collar. 


CO! =15 mm {a> n )\ = — 

m 


(b ) Two collars : 


(*,„) 2 =18mm (<y n )* = A = I (ft , n)i 2 

2m 2 


(c) Three collars : 


^ (0 ^ 


2 


= J2 


( (0 ^ 


i 


(x m ) 3 = unknown, (a>„ )] = | (a>„ )\, 


f CO ^ 


V a n Js 




f CO ^ 


\°>nA 


We also note that the amplitude S m of the displacement of the base remains constant. 


Referring to Section 19.7, Figure 19.9, we note that, since (x m ) 2 > (v m )j and { ® ) > we must 
have —< 1 and (x m ), > 0. However, ma y be either <1 or > 1, with (x m ) 2 being 

correspondingly either >0 or < 0. 


1. Assuming (x m ) 2 > 0: 
For one collar, 


For two collars, 



+ 15 mm = 




+ 18 mm = 



(1) 


(2) 
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PROBLEM 19.107 (Continued) 


Dividing Eq. (2) by Eq. (1), member by member: 


1 


1.2 = 


a:. 




we find 


f \ 2 

co 


\®n) 


1 

7 


Substituting into Eq. (1), 
For three collars, 


£>„, = (15 mm) 


oo 3 =- 


n 90 


1-3 


1-= — mm 

v 7 j 7 


(t) 111111 90 

= — mm, 
4 




2. Assuming (x m ) 2 < 0: 

£ 

For two collars, we have -18 mm =- ——— 

Dividing Eq. (3) by Eq. (1), member by member: 


1 - -£■ 


- 1.2 = 


(i) 




-1.2+ 2.4 


7 A 2 

CO 


= 1 


7 y 2 

1 CO ' 


71 

7 .. y 2 

co 


V 71 




2.2 _ 1.1 
3.4 ” 1.7 


Substitute into Eq. (1), 
For three collars. 


8 m = (15 mm) 




1.1 


1-— = — mm 

v 1.7 J 1.7 


( 7 ) 


9 mm 


1-3 -£■ 


(f); - L6 ' 


(x m ) 3 = 22.5 mm 4 


(3) 


(x m ) 3 =-5.63 mm ◄ 


(out of phase) 
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PROBLEM 19.108 



ft 


±* 


The crude-oil-pumping rig shown in the accompanying 
figure is driven at 20 rpm. The inside diameter of the well 
pipe is 2 in., and the diameter of the pump rod is 0.75 in. The 
length of the pump rod and the length of the column of oil 
lifted during the stroke are essentially the same, and equal to 
6000 ft. During the downward stroke, a valve at the lower 
end of the pump rod opens to let a quantity of oil into the 
well pipe, and the column of oil is then lifted to obtain a 
discharge into the connecting pipeline. Thus, the amount of 
oil pumped in a given time depends upon the stroke of the 
lower end of the pump rod. Knowing that the upper end of 
the rod at D is essentially sinusoidal with a stroke of 45 in. 
and the specific weight of crude oil is 56.2 lb/ft 3 , determine 

(a) the output of the well in ft 3 /min if the shaft is rigid, 

( b ) the output of the well in ft 3 /min if the stiffness of the rod 
is 2210 N/m, the equivalent mass of the oil and shaft is 290 kg 
and damping is negligible. 


SOLUTION 


Forcing frequency: 

(Of = 20 rpm = 2.0944 rad/s 

Cross sectional area of the flow chamber 


4a = ^[(2 in.) 2 - (0.75 in.) 2 ] = 2.6998 in 2 = 0.018749 ft 2 

Let .v be the stroke at the lower end of the pump in feet. Stroke is twice the amplitude, s — 2x m 

Volume of oil pumped per revolution: 


Kit = A.ii s = 0.018749s 

Amplitude of motion at top of shaft: 


S m = ^(45 in.) = 22.5 in. = 1.875 ft 

Amplitude of motion at bottom of shaft: 


_ S m 

m 2 

‘-(f) 

(a) Rigid shaft: 

CO — °° 
w n 

x m =S m = 1.875 ft 


5 = (2)(1.875) = 3.75 ft 


V oil = (0.018749 ft 2 )(3.75 ft) = 0.070309 ft 3 /rev 
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PROBLEM 19.108 (Continued) 


output rate: 

( b ) Flexible shaft. 


output rate: 


(0.070309 ft 3 /rev)(20 rev/min) 


1.406 ft 3 /min ◄ 


k = 2210 N/m 


eq 


: 290 kg 


0 )„ 


e q 


2210 N/m 
290 kg 


= 2.7606 rad/s 


tOf _ 2.0944 
~co t ~ ~ 2.7606 

1.875 

x = - 


1 — (0.75869)“ 


= 0.75869 

= 4.4178 ft 


s = (2)(4.4178) = 8.8358 ft 

K oil 


V 0ll =(0.018749 ft 2 )(8.8358 ft) = 0.16566 ft 3 /rev 


(0.16566 ft J /rev)(20 rev/min) 


3.31 ft 3 /min A 
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X(j = S m sin cod 


c 



PROBLEM 19.109 

A simple pendulum of length I is suspended from a collar C which is forced to 
move horizontally according to the relation x c = S m sin C 0 jt. Determine the 
range of values of C0f for which the amplitude of the motion of the bob is less 
than 8 m . (assume that S m is small compared with the length / of the pendulum). 
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PROBLEM 19.110 

The 2.75-lb bob of a simple pendulum of length l = 24 in. is suspended from 
a 3-lb collar C. The collar is forced to move according to the relation 
Xc = 8 m sin COjt, with an amplitude 8 m — 0.4 in. and a frequency^ = 0.5 Hz. 
Determine (a) the amplitude of the motion of the bob, (b) the force that must 
be applied to collar C to maintain the motion. 


L- % 
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PROBLEM 19.111 


An 18-lb block A slides in a vertical frictionless slot and is connected to a 
moving support B by means of a spring AB of constant k = 8 lb/ft. Knowing 
that the acceleration of the support is a = a m sin co f t, where a m = 5 ft/s~ 
and C0j = 6 rad/s, determine (a) the maximum displacement of block A, (b) the 
amplitude of the fluctuating force exerted by the spring on the block. 
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PROBLEM 19.112 



A variable-speed motor is rigidly attached to a beam BC. When the 
speed of the motor is less than 600 rpm or more than 1200 rpm, a 
small object placed at A is observed to remain in contact with the 
beam. For speeds between 600 and 1200 rpm the object is observed 
to “dance” and actually to lose contact with the beam. Determine the 
speed at which resonance will occur. 


SOLUTION 

Let m be the unbalanced mass and 7 the eccentricity of the unbalanced mass. The vertical force exerted on 
the beam due to the rotating unbalanced mass is 

P = mrojj sin co f t - P m sin C 0 jt 


Then from Eq. 19.33, 



mr OX, 
k 



For simple harmonic motion, the acceleration is 


a 


m 


= -&fX m = 


— 4 
mrcOf 

F~ 



When the object loses contact with the beam, the acceleration I a m I is greater than g. 
Let o\ = 600 rpm = 62.832 rad/s. 


mra Jj 4 mrO)*U 4 



where 


U=«. 

co„ 


Let 


CO \ = 1200 rpm = 125.664 rad/s = 2 o\ 


mrct% mrco„(2U) 



(i) 


(2) 
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PROBLEM 19.113 


A motor of mass M is supported by springs with an equivalent spring constant k. The unbalance of its rotor is 
equivalent to a mass m located at a distance r from the axis of rotation. Show that when the angular velocity 
of the motor is co y, the amplitude x m of the motion of the motor is 



where co n = 
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PROBLEM 19.114 

As the rotational speed of a spring-supported 100-kg motor is increased, the amplitude of the vibration due to 
the unbalance of its 15-kg rotor first increases and then decreases. It is observed that as very high speeds are 
reached, the amplitude of the vibration approaches 3.3 mm. Determine the distance between the mass center 
of the rotor and its axis of rotation. (Hint: Use the formula derived in Problem 19.113.) 
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PROBLEM 19.115 

A motor of weight 40 lb is supported by four springs, each of constant 
225 lb/in. The motor is constrained to move vertically, and the amplitude of its 
motion is observed to be 0.05 in. at a speed of 1200 rpm. Knowing that the 
weight of the rotor is 9 lb, determine the distance between the mass center of 
the rotor and the axis of the shaft. 


SOLUTION 

W = 40 lb 

Four springs each of constant 225 lb/in. 

We note that the motor is constrained to move vertically. 

4(225 lb/in.) = 900 lb/in. = 10800 lb/ft 


k 

co„ = J— 


10800 lb/ft 


1 m ]l (40 lb/32.2) 
For co = 1200 rpm = 125.664 rad/s we have 


= 93.242 rad/s 



r = 0.05 in. = 4.1667 x 10“ 3 ft 


Eq. (19.33): 


Thus: 


P 
1 m 

k 


\ z 

— 

\ m r, I 


P 

m 

k 


( \ 2 

' CO ' 


\<°nj 


= (4.1667 xl0“ 3 ft) 


125.664 

93.242 

,-3 


3.4015 x 10 3 ft (out of phase) 


P m = (10800 lb/ft)(3.4015 x 10“" ft) = 36.736 lb 
We have found: P m = 36.736 lb 

For an unbalanced rotor of weight W R = 9 lb, rotating at co = 1200 rpm = 125.664 rad/s, with the mass 
center at a distance T from the axis of rotation, we have, 

P m = m R rco 2 


36.736 lb 


r = 


m R co 2 (9 lb/32.2)(125.664 rad/s) 2 


= 8.3231 xl0“ 3 ft 


= 0.0999in. ◄ 
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PROBLEM 19.116 

A motor weighing 400 lb is supported by springs having a total constant of 1200 lb/in. The unbalance of the 
rotor is equivalent to a 1-oz weight located 8 in. from the axis of rotation. Determine the range of allowable 
values of the motor speed if the amplitude of the vibration is not to exceed 0.06 in. 


SOLUTION 

Let M = mass of motor, m = unbalance mass, r = eccentricity 

400 


M = 


32.2 


■ = 12.4224 lb • s /ft 


f 1 ! 

r 1 1 

U6j 

(,32.2 J 


= 0.001941 lb s-/ft 


Natural circular frequency: 


r = 8 in. = 0.66667 ft k = 1200 lb/in. = 14,400 lb/ft 
T 1 14,400 


a>„ = 


= 34.047 rad/s 


1 M V 12.4224 
rm _ (0.66667)(0.001941) 

M ~ 12.4224 

= 0.00014017 ft = 0.00125 in. 


From the derivation given in Problem 19.113, 

(ir)fef o.ooi25(i 


X,„ = ■ 


■ in. 


In phase motion with I x m I < 0.06 in. 


0.001251 ^ 


1-|3l 


0.00125 


C (Or ^ 


\<°nj 


C (0. ^ 


< 0.06 


<0.06-0.06 


C (Of ^ 


0.06125 


( (Of ' 1 ' 1 




<0.06 


(Of 


0.06 


= 0.98974 


(O n V 0.06125 
(O f < (0.98974)(34.047) = 33.698 rad/s 


(0 f < 322 rpm 4 
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PROBLEM 19.117 

A 180-kg motor is bolted to a light horizontal beam. The unbalance of 
its rotor is equivalent to a 28-g mass located 150 mm from the axis of 
rotation, and the static deflection of the beam due to the weight of the 
motor is 12 mm. The amplitude of the vibration due to the unbalance can 
be decreased by adding a plate to the base of the motor. If the amplitude 
of vibration is to be less than 60 //m for motor speeds above 300 rpm, 
determine the required mass of the plate. 


SOLUTION 

Before the plate is added, 

Equivalent spring constant: 


12x10 

Let M 2 be the mass of motor plus the plate. 


M, = 180 kg, m. = 28x10 kg 
r = 150 mm = 0.150 m 


k= W L= M 1 g 
s s 

k = (18Q)(9 ' 81) = 147.15x 10 3 N/m 


,-3 


Natural circular frequency . 
Forcing frequency: 


(0„ 


I Mo 


(O f =300 rpm = 31.416 rad/s 


f (Or V 


\<°nj 


(o f M , (31.416) M, 

= t-— j_ = 0 _ 006707M 

k 147.15X10 3 


From the derivation in Problem 19.113, 


For out of phase motion with 


I rm \( co f \ 2 
\M 2 )\a>„ ) 


1-lf- 


= -60x10 m. 


-60x10 = 


(0.150)(28xl0 -3 ) 

M, 


(0.006101 M 2 ) 


l -0.006707 M. 


-60 x 10 -6 + (60 x 10~ 6 )(0.006101)M 2 = 28.170 x 10~ 6 
402.49x10~ 9 M 2 =88.170x10^ 6 


Added mass: 


M 2 =219.10 kg 
AM =M 2 -Mj =219.10-180 


AM = 39.1 kg ◄ 
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PROBLEM 19.118 

The unbalance of the rotor of a 400-lb motor is equivalent to a 3-oz weight 
located 6 in. from the axis of rotation. In order to limit to 0.2 lb the 
amplitude of the fluctuating force exerted on the foundation when the motor 
is run at speeds of 100 rpm and above, a pad is to be placed between the 
motor and the foundation. Determine (a) the maximum allowable spring 
constant k of the pad, (I?) the corresponding amplitude of the fluctuating 
force exerted on the foundation when the motor is run at 200 rpm. 


SOLUTION 


Mass of motor . 

Unbalance mass . 

Eccentricity . 
Equation of motion: 


Transmitted force . 

For out of phase motion, 

(a) Required value of k . 
Solve Eq. (1) for k. 


M = —= 12.422 lb- s 2 /ft 


32.2 
f 3 Y 1 


m 


It, 


32.2 


= 0.005823 lb s-/ft 


r = 6 in. = 0.5 ft 


Mx + kx - P„, sin cop - mroj f sin 0 ), t 


< 7‘ 


Vfl. 


(-Mcoj + k)x m - mrcoj 


mrCO' 


x,„ = - 


7 


k-Ma> 


f 


F„, = kx,„ - - 


kmrO) 


f 


k - M 0) 


f 


I F\ = - 


kmrCO' 


f 


Ma>- t 


I F m I (Mcoj -k)- kmrcoj 
k(rnro) 2 f +\F m \) = \F m \Mo) 2 f 

k _ 

mrojj +1 F m I 


Data: 


1^1 = 0.21b 


(Of - 100 rpm = 10.472 rad/s 


(0.2)(12.422)(10.472) 2 
(0.005823)(0.5)(10.472) 2 +0.2 


524.65 


(1) 


k = 525 Ib/ft ◄ 
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PROBLEM 19.118 (Continued) 


(b) Force amplitude at 200 rpm. 

(Of =20.944 rad/s 


From Eq. (1), 

. . (524.65)(0.005823)(0.5)(20.944) 2 

1 P m 1 = 0 


(12.422)(20.944) 2 -524.65 

\F m \ = 0.1361 lb ◄ 
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PROBLEM 19.119 

A counter-rotating eccentric mass exciter consisting of two rotating 100-g 
masses describing circles of radius r at the same speed but in opposite senses 
is placed on a machine element to induce a steady-state vibration of the 
element. The total mass of the system is 300 kg, the constant of each spring is 
k — 600 kN/m, and the rotational speed of the exciter is 1200 rpm. Knowing 
that the amplitude of the total fluctuating force exerted on the foundation is 
160 N, determine the radius r. 


SOLUTION 


With 


Solving for r, 


P m = ImrQTf, 


2mro.rj 
2k 

1 -| > 


COT, 


2 k 
M 


2kx,„ = 160 N = ±- 


ImrCO 


f 


1 - 


Man 

~2iT 


co f = 40;r rad/s 


160 N 


r = ±- 


1 - 


(300kg)|40^ s _1 
1200000 N/m 


2(0.1kg)(40^s“ 1 ) 2 


0.1493 m 


r = 149.3 mm A 
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PROBLEM 19.120 

A 360-lb motor is supported by springs of total constant 12.5 kips/ft. The unbalance of the rotor is equivalent 
to a 0.9-oz weight located 7.5 in. from the axis of rotation. Determine the range of speeds of the motor for 
which the amplitude of the fluctuating force exerted on the foundation is less than 5 lb. 
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PROBLEM 19.121 


P = P m sin (Oft 



| f/ = 8, n sin coft 


Figures (1) and (2) show how springs can be used to support a 
block in two different situations. In Figure (1), they help 
decrease the amplitude of the fluctuating force transmitted by 
the block to the foundation. In Figure (2), they help decrease 
the amplitude of the fluctuating displacement transmitted by the 
foundation to the block. The ratio of the transmitted force to 
the impressed force or the ratio of the transmitted displacement 
to the impressed displacement is called the transmissibility. 
Derive an equation for the transmissibility for each situation. 
Give your answer in terms of the ratio co f lco n of the frequency 
(Of of the impressed force or impressed displacement to the 
natural frequency co n of the spring-mass system. Show that in 
order to cause any reduction in transmissibility, the ratio co f l(O n 
must be greater than Jl. 
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PROBLEM 19.122 



A vibrometer used to measure the amplitude of vibrations consists 
essentially of a box containing a mass-spring system with a known 
natural frequency of 120 Hz. The box is rigidly attached to a surface, 
which is moving according to the equation y = 5 m sin C0j t. If the 
amplitude z m of the motion of the mass relative to the box is used 
as a measure of the amplitude S m of the vibration of the surface, 
determine ( a ) the percent error when the frequency of the vibration 
is 600 Hz, (b) the frequency at which the error is zero. 
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PROBLEM 19.123 



A certain accelerometer consists essentially of a box containing a 
mass-spring system with a known natural frequency of 2200 Hz. 
The box is rigidly attached to a surface, which is moving according 
to the equation y = S m sin co f t. If the amplitude z m of the motion of 
the mass relative to the box times a scale factor afi is used as a 
measure of the maximum acceleration a m = S m Ojj of the vibrating 
surface, determine the percent error when the frequency of the 
vibration is 600 Hz. 
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IP = P ln sin (Oft 


._ 

L 

A 




% k 


A 


B 



PROBLEM 19.124 

Block A can move without friction in the slot as shown and is acted upon by 
a vertical periodic force of magnitude P = P m sin C 0 jt, where co f -2 rad/s 
and P m - 20 N. A spring of constant k is attached to the bottom of block A 
and to a 22-kg block B. Determine (a) the value of the constant k which will 
prevent a steady-state vibration of block A, ( b ) the corresponding amplitude 
of the vibration of block B. 


SOLUTION 

In steady state vibration, block A does not move and therefore, remains in its original equilibrium position. 


Block A: 


Block B: 


kx = 
jzF = m B x 


kx = —P m sin coj t 


m B x + kx = 0 


From Eq. (1): 


x = x m sin co n t 

col - kl m B 

kx m sin co n t = -P m sin co f t 
co n - co f -2 rad/s 
kx,„ = -P„, 

~k 
l m 


co„ = 


k = m B co n 


(a) Required spring constant . k = (22)(2) 2 

(, b ) Corresponding amplitude of vibration of B . 

kx ,n = ~P,n 

k 

20 N 




x,„ = — 


N/m 


(1) 



k= 88.0 N/m ◄ 


x,„ = -0.227 m A 
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PROBLEM 19.125 

A 60-lb disk is attached with an eccentricity e = 0.006 in. to the midpoint of a 
vertical shaft AB, which revolves at a constant angular velocity OJ f . Knowing that 
the spring constant k for horizontal movement of the disk is 40,000 lb/ft, determine 
(a) the angular velocity a>i at which resonance will occur, (b) the deflection r of 
the shaft when 0 ) f -1200 rpm. 
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PROBLEM 19.125 (Continued) 


(a) Resonance occurs when 

COj = CO n , i.e., r — - °o 



£ 

" \m \IW 

l(40,000)(32.2) 

V 60 

= 146.52 rad/s 

= 1399.1 rpm 

co n = co f = 1399 rpm A 

(b) 

(0.006 in.) ( , 399 °! ) 

I ( 1200 ) 2 

\ 1399.1 / 

= 0.01670 in. 

r = 0.01670 in. ◄ 
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PROBLEM 19.126 



A small trailer and its load have a total mass of 250-kg. The trailer 
is supported by two springs, each of constant 10 kN/m, and is 
pulled over a road, the surface of which can be approximated by a 
sine curve with an amplitude of 40 mm and a wavelength of 5 m 
(i.e., the distance between successive crests is 5 m and the vertical 
distance from crest to trough is 80 mm). Determine (a) the speed at 
which resonance will occur, ( b ) the amplitude of the vibration of 
the trailer at a speed of 50 km/h. 
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PROBLEM 19.127 

Show that in the case of heavy damping (c > c c ), a body never passes through its position of equilibrium O 
(a) if it is released with no initial velocity from an arbitrary position or (b) if it is started from O with an 
arbitrary initial velocity. 


SOLUTION 


Since c > c c , we use Equation (19.42), where 

4 < 0 , ^ < 0 
x = C x e K ' + C 2 e^ J 

v = — = C l \e^ , +C 2 A 2 e Xlt 
dt 


(1) 

(2) 


(a) t- 0, x = x 0 , v = 0: 
From Eqs. (1) and (2): 

Solving for q and c 2 , 


Xq — C x C*2 

0 = QA,+C 2 A 2 
C| = ———x 0 

C =—^—x 

'-2 o A 0 

An ~ X l 


Substituting for C, and C 2 in Eq. (1), x =— X2 f A 2 e A,r - A x e' t2 'l 

^2 ~ A L ' J 

For x = 0: when r^oo ; we must have 

= 0 (3) 

A 


Recall that 

< 0, An <0. Choosing A, and A 2 so that A. t < A 2 < 0, we have 

0 < — < 1 and An - \ > 0 

A 

Thus a positive solution for t > 0 for Equation (3) cannot exist, since it would require that e raised to a 
positive power be less than 1, which is impossible. Thus, x is never 0. 

The x — t curve for 
this case is as shown. 
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PROBLEM 19.128 

Show that in the case of heavy damping (c > c c ), a body released from an arbitrary position with an arbitrary 
initial velocity cannot pass more than once through its equilibrium position. 
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PROBLEM 19.129 


In the case of light damping, the displacements x h x 2 , x 3 , shown in Figure 19.11 may be assumed equal to 
the maximum displacements. Show that the ratio of any two successive maximum displacements x n and x„ +1 
is a constant and that the natural logarithm of this ratio, called the logarithmic decrement, is 



•Vi 


2 n{cic c ) 
yj\-(c/C c ) 2 


SOLUTION 

For light damping, 

Equation (19.46): 

At given maximum displacement, 


At next maximum displacement, 


But 


x = x 0 e ^ 2 "'^ sin(<y 0 t + (/>) 

t = t n > x = x n 
sin (co Q t n + (/)) = 1 

1- - n ( 2ttl ) n 

x n ~ A 0 e 

t = t n+l> X=X n+l 

sin(<y 0 4 +1 + (/>) = 1 

v — v- ( 2m )^n + l 

x n +1 ~ x 0 e 


C0 D t n +1 _ 

2 K 


C0 n 


Ratio of successive displacements: 


Thus, 


From Equations (19.45) and (19.41): 


x n e 




n +1 Xr>e 


— g 2m ( ? « ? «+l) — ^ 


In—^4— = 


i 


niO),, 


co d =co„A\ 


CO, 



Thus, 


ln- 


ck 2 m 


x n +1 


m c,. 


f \ 2 
c 


(1) 


2k 


In- 


(t) 


n +1 


Q.E.D. ◄ 


/ \ z 

Mt) 
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PROBLEM 19.130 

In practice, it is often difficult to determine the logarithmic decrement of a system with light damping defined 
in Problem 19.129 by measuring two successive maximum displacements. Show that the logarithmic 
decrement can also be expressed as (\lk)\n (x n /x n+k ), where k is the number of cycles between readings of 
the maximum displacement. 


SOLUTION 

As in Problem 19.129, for maximum displacements x n and x n+k at t n and t n+k , sin(<y 0 ? n + <jj) — 1 

I c %, 

and sm(a>„t„ +k +#) = !. 


Ratio of maximum displacements: 


x n = x 0 e 


X n+k = X 0 e 


x n e' 


n)( l n+k ) 


n+k x 0 e 


.2 m) f n- 


- = e 2mV H 


But 


®/A+* ~ =k(2x) 

2 n 


hi ^ n+k k 


Thus, 


cOn 


X n _ , C 
X n+k 2m 


f 2 k^ 


\ J 


In ^ = k ^L 


x n+k 


m(0 n 


But from Problem 19.129, Equation (1): 


X CTC 

log decrement = In —— = - 

x„ 


(2) 


Comparing with Equation (2), 


log decrement = —In —— Q.E.D. A 


k x. 


n+k 
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PROBLEM 19.131 

In a system with light damping (c<c c ), the period of vibration is commonly defined as the time interval 
T d = In!(O d corresponding to two successive points where the displacement-time curve touches one of the 
limiting curves shown in Figure 19.11. Show that the interval of time (a) between a maximum positive 
displacement and the following maximum negative displacement is jT d , (b) between two successive zero 
displacements is 4. T d , (c) between a maximum positive displacement and the following zero displacement is 
greater than jT d . 


SOLUTION 



Equation (19.46): 


x-x 0 e {2m ' sin(CD d t + (/>) 


(a) Maxima (positive or negative) when x — 0: 


X-Xc 


——)e ^ 2 "'^ sin(co d t + </>) 
\2m ) 


+ x 0 co d e cos (o) d t + </>) 


Thus, zero velocities occur at times when 


2 mco d 

x-0, or tan(a) d t + </>) = - - 


The time to the first zero velocity, t x , is 



(O d 


The time to the next zero velocity where the displacement is negative is 



co d 


Subtracting Eq. (2) from Eq. (3), 


K _ X-*d 
co d In 


Q.E.D. 


( 1 ) 


(2) 


( 3 ) 
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PROBLEM 19.131 (Continued) 

( b) Zero displacements occur when 

sin (co e t + (p) — 0 or at intervals of 
co d t + ())-k, 2 n nn 


Thus, 


Time between 


an d (t&J 2 *-# 


co. 


CO, 


o: - (t[) 0 - (h )o = = ^ = ^ Q-E.D. 




2;r 2 



(c) The first maximum occurs at 1: 
The first zero occurs at 

From the above plot, 


or 


(co d t\ +<p) 

(^(hlo+^TT 


K 


K(h) 0 +<P)~(CO D t x + (p)>- 


(h)o h > 


K 

2co, 


(ti)o-h>-r Qe.d. 


Similar proofs can be made for subsequent maximum and minimum. 
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PROBLEM 19.132 

A loaded railroad car weighing 30,000 lb is rolling at a constant velocity Vo when it couples with a spring and 
dashpot bumper system (Figure 1). The recorded displacement-time curve of the loaded railroad car after 
coupling is as shown (Figure 2). Determine (a) the damping constant, ( b ) the spring constant. (Hint: Use the 
definition of logarithmic decrement given in Problem 19.129.) 




SOLUTION 


, W 30,000 

Mass of railroad car: m = — =- 

8 32.2 

= 931.67 lb • s 2 /ft 

The differential equation of motion for the system is 

mx + cx + kx = 0 

For light damping, the solution is given by Eq. (19.44): 

x-e (Cj sina) d t + C 2 coscn d t) 

From the displacement versus time curve, 

^ =0.41 s 

a d = — = — = 15.325 rad/s 
z d 0.41 


At the first peak, x, =0.5 in. and t = t v 

At the second peak, x 0 = 0.12 in. and t = t l +T d . 

x e -te)bi + rA 

Forming the ratio —, — =-—- 


X, £a 

— = e 2m 



( 1 ) 


PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2431 






PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2432 




PROBLEM 19.133 

A torsional pendulum has a centroidal mass moment of inertia of 0.3 kg-m” and when given an initial twist 
and released is found to have a frequency of oscillation of 200 rpm. Knowing that when this pendulum is 
immersed in oil and given the same initial condition it is found to have a frequency of oscillation of 180 rpm, 
determine the damping constant for the oil. 


SOLUTION 



Let the mass be rotated through the small angle <9 from the equilibrium position. 


Couples acting on the mass: 

Shaft: -K0 



Oil: -CO 


Equation of motion: 

'EM = T0:-KG-C0 = T0 



To + co+ko = o 


Solution for light damping: 

0 = e~ Al (Cj sin co d t + C 2 sin co d t) 


where 

X = ± 

21 

•■4 



<»d =J®n-A 2 


When there is no oil, assume 

C = 0. 



(O n = 200 rpm = 20.944 rad/s 


When oil is present, 

(O d =180 rpm = 18.8496 rad/s 



X = -sJcd 2 - co d =9.1293 s _1 


Damping constant for oil. 

C = 21X = (2)(0.3 kg • m 2 )(9.1293 s _1 ) 

C = 5.48 N-m-s ◄ 
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PROBLEM 19.134 

The barrel of a field gun weighs 1500 lb and is returned into firing position after recoil by a recuperator of 
constant c — 1100 lb - s/ft. Determine (a) the constant k which should be used for the recuperator to return the 
barrel into firing position in the shortest possible time without any oscillation, (b) the time needed for the 
barrel to move back two-thirds of the way from its maximum-recoil position to its firing position. 
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P = P m sin (Oft 



PROBLEM 19.135 

A platform of weight 200 lb, supported by two springs each of constant 
k — 250 lb/in., is subjected to a periodic force of maximum magnitude 
equal to 125 lb. Knowing that the coefficient of damping is 12 lb -s/in., 
determine (a) the natural frequency in rpm of the platform if there were 
no damping, ( b ) the frequency in rpm of the periodic force corresponding 
to the maximum value of the magnification factor, assuming damping, 
(c) the amplitude of the actual motion of the platform for each of the 
frequencies found in parts a and b. 
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PROBLEM 19.135 (Continued) 


Rearranging, we obtain 
4 


^ co ^ 


\®n J 


f .. \ 2 

CO 


K^nJ 


-1 + 2 


^ CO ^ 


= 1-2 




f \ 

2 

f \ 

CO 

= 1-2 

C 


V ) 


y C c j 


— = 0.84958 
co„ 


co = 26.405 rad/s 


( \ 2 

' c ’ 


= 0 


1 - 2(0.37297) 2 = 0.72179 


co = (0.84958)<y„ = (0.84958)(31.08 rad/s) 
/ = 4.2025 Hz 


(c) Amplitude'. 

From Eq. (19.53): 



/ = 252 rpm A 


For part (a) with P m =125 lb and co = co n 

125 lb 
6000 lb/ft 


m I ~ 

V[1 - l] 2 + [2(0.37297) (1)] 
For part (b) with P m =125 lb and 


= 0.02793 ft 


= 0.335 in. ◄ 


^ co ^ 




= 0.84958 


= 


125 lb 
6000 lb/ft 


f 1 - (0.84958) 2 ] 2 + [2(0.84958)(0.37297)] 2 


= 0.0301 ft 


x m =0.361 in. A 
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PROBLEM 19.136 

A 4-kg block A is dropped from a height of 800 mm onto a 9-kg block B 
which is at rest. Block B is supported by a spring of constant k = 1500 N/m 
and is attached to a dashpot of damping coefficient c = 230 N • s/m. 
Knowing that there is no rebound, determine the maximum distance the 
blocks will move after the impact. 


SOLUTION 


Velocity of Block A just before impact . 

v a = 

= 72(9.81X0.8) 

= 3.962 m/s 

Velocity of Blocks A and B immediately after impact . 
Conservation of momentum . 

m A v A +m B v B =(m A + m B )v' 

(4)(3.962) + 0 = (4 + 9)v' 
v =1.219 m/s 

x Q = +1.219 m/s | = x 0 

ffl O 

Static deflection (Block A): x Q =-4— 

k 

(4X9.82) 

1500 

= -0.02619 m 

x = 0, Equilibrium position for both blocks: 

c c = 2 yjkm 

= 2V(1500)(13) 

= 279.3 N-s/m 



Since c < c c , Equation (19.44): 


x - e sin to d t + C 2 cos 0) d t] 

c _ 230 
2m ~ (2)(13) 

= 8.846 s _1 
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PROBLEM 19.136 (Continued) 


Expression for co d : 


Initial conditions: 


k ( c 

Y 

m V 2 m 

J 

1500 

( 230 y 

i i3 

l(2)(13)J 


= 6.094 rad/s 

-8.846r 


x — e 


(Cj sin 6.094 1 + C 2 cos 6.094f) 


x 0 = -0.02619 m 
(r = 0) x 0 = +1.219 m/s 
x 0 =-0.02619 = e°[Cj(0) + C 2 (l)] 

C 2 =-0.02619 

x(0) = -8.846e < " 8 ' 846,0 [C 1 (0) + (-0.02619)(l)] 

+e (-8.846XO)[ 6 094C|(|) + C2(0)] = I 219 

1.219 = (-8.846X-0.02619) + 6.094Q 
Q =0.16202 

x = e“ 8 ' 846 ' (0.16202 sin 6.094 1 - 0.02619cos 6.094t) 


Maximum deflection occurs when x = 0 


x = 0 = -8.846c S 846 '"' (0.16202sin 6.094r,„ - 0.02619cos 6.094 t m ) 

+ e “ 8 - 846 '», [6.094] [0.1620cos 6.094t m +0.02619sin6.094t m ] 

0 = [(-8.846X0.16202) +(6.094X0.02619)] sin 6.094t m 
+[(-8.846)(-0.02619) + (6.094)(0.1620)] cos 6.094t m 
0 = -1.274 sin 6.094t )W +1.219 cos 6.094t m 

tan 6.094f =1^ = 0.957 
m 1.274 

Time at maximum deflection = t,„ - _ o 1253 s 

6.094 

x m = e -(8 - 846M0 - 1253) [o. 1 620 sin(6.094)(0.1253) 

- 0.02619 cos(6.094)(0.1253)] 
x m = (0.3301)(0.1120-0.0189) =0.0307 m 

Blocks move, static deflection + x m Total distance = 0.02619 + 0.0307 = 0.0569 m = 56.9 mm 
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PROBLEM 19.137 

A 3-kg slender rod AB is bolted to a 5-kg uniform disk. A dashpot of 
damping coefficient c = 9 N • s/m is attached to the disk as shown. 
Determine (a) the differential equation of motion for small oscillations, 
(b) the damping factor c/c c . 
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^r 



PROBLEM 19.138 

A uniform rod of mass m is supported by a pin at A and a 
spring of constant k at B and is connected at D to a dashpot of 
damping coefficient c. Determine in terms of m, k, and c, for 
small oscillations, (a) the differential equation of motion, 
( b ) the critical damping coefficient c c . 


1 ___ l _I 

2 ' 1 ~' < 2 
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PROBLEM 19.139 

A machine element weighing 800 lb is supported by two springs, each having a 
constant of 200 lb/in. A periodic force of maximum value 30 lb is applied to the 
element with a frequency of 2.5 cycles per second. Knowing that the coefficient 
of damping is 8 lb • s/in., determine the amplitude of the steady-state vibration of 
the element. 


SOLUTION 


Equivalent spring: 

Undamped natural frequency: 


Critical damping coefficient: 
Damping coefficient: 
Damping ratio: 

Amplitude: 


k = 2(200) = 400 lb/in. = 4800 lb/ft 

C ° n ~^m~ i'800/32.2 

_ (O^ _ EC90 _ 2 2Y2 Hz 

J n _ 


= 13.90 rad/s 


2k 2 n 


c = 2 mco„ — 2 


800 


32.2 

c = 8 lb- s/in. = 96 lb - s/ft 


(13.90) = 691 lb-s/ft 


c 


-= 0.1390 

691 


P m Ik 



( 1 ) 


COf 

where -= 

Substituting into Eq. (1) with P m — 30 lb, we have 


fji 

fn 


2.5 Hz 
2.212 Hz 


= 1.130 


_ 30 lb/400 lb/in. _ 

yj\ 1 - (1.130) 2 ] 2 + [2(0.1390)(1.130)] 2 


x m =0.1791 in. ◄ 
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PROBLEM 19.140 

In Problem 19.139, determine the required value of the coefficient of damping 
if the amplitude of the steady-state vibration of the element is to be 0.15 in. 

PROBLEM 19.139 A machine element weighing 800 lb is supported by two 
springs, each having a constant of 200 lb/in. A periodic force of maximum 
value 30 lb is applied to the element with a frequency of 2.5 cycles per 
second. Knowing that the coefficient of damping is 8 lb -s/in., determine the 
amplitude of the steady-state vibration of the element. 
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PROBLEM 19.141 

In the case of the forced vibration of a system, determine the range of values of the damping factor c/c c for 
which the magnification factor will always decrease as the frequency ratio co^l(O n increases. 
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PROBLEM 19.142 

Show that for a small value of the damping factor c/c c , the maximum amplitude of a forced vibration 
occurs when C0j ~ (0 n and that the corresponding value of the magnification factor is \{c!c c ). 
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PROBLEM 19.143 

A counter-rotating eccentric mass exciter consisting of two rotating 14-oz masses 
describing circles of 6 -in. radius at the same speed but in opposite senses is 
placed on a machine element to induce a steady-state vibration of the element 
and to determine some of the dynamic characteristics of the element. At a speed 
of 1200 rpm a stroboscope shows the eccentric masses to be exactly under their 
respective axes of rotation and the element to be passing through its position of 
static equilibrium. Knowing that the amplitude of the motion of the element at 
that speed is 0.6 in. and that the total mass of the system is 300 lb, determine 
(a) the combined spring constant k, ( b ) the damping factor c/c c . 


SOLUTION 

Forcing frequency: 

Unbalance of one mass: 

Shaking force: 

(Of = 1200 rpm = 125.664 rad/s 

w —14 oz = 0.875 lb 

r - 6 in. = 0.5 ft 

P — 2 mrcoj sin coy 



ZA ( 7X 



= ( 2 ) ('xu') (°- 5 )( 125 - 664 ) 2 sin (O f t 
= A29.Wsin (Of t 





P m = 4291b p 

($ 

l 

Total weight: 

W = 300 lb ' 



By Eqs. (19.48) and (19.52), the vibratory response of the system is 




x = x m sin {(Oft - (p) 



where 

P 

Y _ m 

Xm I 2 

J(k-Maij) +(cco f ) 2 


( 1 ) 

and 

C(O f 

tan (p =- —- 

k - Mcoj 


( 2 ) 

Since (p- 90° = —, 

2 

tan (p-oo and k — Mcoj =0. 



(a) Combined spring constant. 




k - Mcoj 




= (#T ) ( 125.66 4 )- 




= 147.12 xlO 3 lb/ft 

k = 147 kip/ft A 
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PROBLEM 19.144 

A 15-kg motor is supported by four springs, each of constant 40 kN/m. The 
unbalance of the motor is equivalent to a mass of 20 kg located 125 mm 
from the axis of rotation. Knowing that the motor is constrained to move 
vertically and that the damping factor c/c c is equal to 0.4, determine the 
range of frequencies for which the amplitude of the steady-state vibration of 
the motor is less than 0.2 mm. 


SOLUTION 

Equivalent spring: 
Mass: 

Natural frequency: 

Unbalanced force: 


At steady state, 


Amplitude: 


Damping factor: 


k = (4)(40 x 10 3 N/m) = 160 x 10 3 N/m 
m = 15 kg 


k 

V m 


160x10 


15 


= 103.280 rad/s 


P m = m^rcoj = m eq rOJT 


( C0 ^ 




= (0.020 kg)(0.125 m)(l 30.280 rad/s) 2 


= 26.667 


/ \2 

f0} f 




N 
PJk 


f 


\2\ 

2 

/ \ 2 

1-1 

K 


+ | 

2-7 1 ) 


l 0) n 

J 



V 

\ 

' ) 


\ L / 


1/2 


\-(<] 2 ) + ( 2 ^ 2 

y \ ®” / J \ C c (0 „ 


“]l/2 


kx,„ 


1-2 


f 

L 

+ 

f 

4 

+ 

[ 2 c< 

2 

f P 

m 

{ CO J 

{ <°n) 

V C c 7 


l kX m) 


(1) 


x,„ = 0.2 mm = 0.2x10 3 m 


26.667 


( co, ^ 


kx m (160x10 3 )(0.2x10^ 3 ) 


V a n J 


= 0.83333 


( (Or 


V m n ) 


— = 0.4 
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PROBLEM 19.145 

A 220-lb motor is supported by four springs, each of constant 500 lb/in., and is 
connected to the ground by a dashpot having a coefficient of damping c — 35 lb • s/in. 
The motor is constrained to move vertically, and the amplitude of its motion is 
observed to be 0.08 in. at a speed of 1200 rpm. Knowing that the weight of the 
rotor is 30 lb, determine the distance between the mass center of the rotor and the 
axis of the shaft. 


SOLUTION 

Forcing frequency: 
Equivalent spring: 

Mass: 


Natural frequency: 


co f = 1200 rpm = 125.664 rad/s 


k = (4)(500) = 2000 lb/in. = 24000 lb/ft 


VF 

777 =- 

8 


220 lb om iu 2 

-- = 6.8323 lb -s /ft 

32.2 ft/s 2 


co„ 



24000 

6.8323 


= 59.268 rad/s 


av = 125.664 rad/s =212026 
co n 59.268 rad/s 


Critical damping coefficient: 


Damping coefficient: 
Damping factor: 


Amplitude: 


Unbalanced force: 


c c = 2mco n 

c c = (2)(6.8323)(59.268) = 809.87 lb • s/ft 
c = 35 lb • s/in. = 420 lb • s/ft 
c 420 


809.87 


■ = 0.51860 


x m = 0.08 in. = 6.6667x10 3 ft 


P Ik 



= kx m [(1 - 4.4955) 2 + ((2)(0.51860)(2.12026)) 2 ] 1/2 
= kx m [12.2185 + 4.8362] 1/2 
= 4.1297 kx m = (4.1297)(24000)(6.6667xl0~ 3 ) 

= 660.76 lb 
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PROBLEM 19.145 (Continued) 


But, P m = m'eco'f 

where m is the mass of the rotor and e is the distance between the mass center of the rotor and the axis of the 
shaft. 

m = 30 lb , = 0.93168 lb • s 2 /ft 

32.2 ft/s 2 

P m _ 660.76 lb _ 

” m'coj ~ (0.93168 lb • s 2 /ft)(125.664 rad/s) 2 
= 0.044911 ft 

e = 0.539 in. ◄ 
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PROBLEM 19.146 



A 100-lb motor is directly supported by a light horizontal beam which 
has a static deflection of 0.2 in. due to the weight of the motor. The 
unbalance of the rotor is equivalent to a mass of 3.5 oz located 3 in. 
from the axis of rotation. Knowing that the amplitude of the vibration 
of the motor is 0.03 in. at a speed of 400 rpm, determine (a) the 
damping factor c/c c , (b) the coefficient of damping c. 


SOLUTION 

Spring constant: 

Natural undamped circular frequency: 


JT = KK) = 

<L 02 


■'St 12 


CO„ =J — = 
' m 


6000 

I jno_ 

32.2 


= 43.955 rad/s 


Unbalance: 

Forcing frequency: 
Unbalance force: 

Static deflection: 
Amplitude: 
Frequency ratio: 

Eq. (19.53): 


w 


M 

16 6.7935 xl0~ 3 slug 


8 32.2 

r — 3 in. = 0.25 ft 

(Of = 400 rpm = 41.888 rad/s 

P m — tn'rcoj = (6.7935 xl0” 3 )(0.25)(41.888) 2 =2.98 lb 

p o no 

<L = -=- = —— = 0.49666 xHU 3 ft 
k 6000 

x m =0.03 in. = 2.5x10 -3 ft 

co r 41 888 

—— = a 00 =0.95298 

oi, 43.955 


x,„ = - 


1 — | — 


2 p. 

+ 


*(i)£) 


1- 

f V 

2“ 

z 

+ 

2 

V 


-12 

{ 8 \ 






y C c J 

UJ 


K X m j 


[1 - (0.95298) 2 ] 2 + 




(0.95298) 


0.49666x10^ 


r \ 


0.0084326 + 3.6327 


2.5x10 


= 0.039467 


-3 


( ^ 2 
' C 1 


= 0.0085431 
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PROBLEM 19.146 (Continued) 


(a) 

Damping factor. 

— = 0.092429 

C c 

— = 0.0924 ◄ 


Critical damping factor. 

c c = 2 \Jkm 




= 2>ooo>(m) 




= 273.01 lb • s/ft 


(b) 

Coefficient of damping. 

f \ 
c 

c= — c c 
\ C c J 




= (0.092429X273.01) 

c = 25.2lb-s/ft ◄ 
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P = P m sin CO ft 


PROBLEM 19.147 


t 





I ^ & & 


A machine element is supported by springs and is connected to a dashpot as 
shown. Show that if a periodic force of magnitude P = P m sin (Oft is applied to 
the element, the amplitude of the fluctuating force transmitted to the foundation 
is 



SOLUTION 

From Equation (19.48), the motion of the machine is x — x m sin {(Oft - <p) 

The force transmitted to the foundation is 

Springs: F s = kx = kx m sin (co f t - </>) 

Dashpot: F d -cx- cx m a> f cos (o) f t - </>) 

F t = x m [k sin ((Oft -(/>) + c(0 f cos (co f t - p)] 

or recalling the identity, 

Asin y + Bcos y = Va^ + B~ sin(y + ^) 

B 

sin ^7^ 

VA 2 + fi 2 


Thus, the amplitude of F t is 
From Equation (19.53): 


cos y/ = 


F,= 


sIa 2 + b 2 

x,„^k 2 +(c( 0 f ) 2 sin {(O f t-(p + i//) 


F m =x m Jk 2 +(c(D f ) 2 


P m 

~T 


r . 

2 



1 

1 

l_ 

+ 

>(; 

\ <0j ' 

/ ®„ _ 


Substituting for x m in Equation (1), 


F =- 


■fM 


1 

1 

to 

_1 

2 

_ 


+ 

2(^ 


j V 1 

U 

/ \ col ) 


2 k 
(On 

rn 


(1) 


(2) 
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PROBLEM 19.147 (Continued) 


and Equation (19.41), c c = 2mco n 
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PROBLEM 19.148 

A 91-kg machine element supported by four springs, each of constant k — 175 N/m, 
is subjected to a periodic force of frequency 0.8 Hz and amplitude 89 N. Determine 
the amplitude of the fluctuating force transmitted to the foundation if (a) a dashpot 
with a coefficient of damping c — 365 N ■ s/m is connected to the machine element 
and to the ground, ( b ) the dashpot is removed. 


SOLUTION 


Forcing frequency: 

(Of = 2 nff = (2;r)(0.8) = 1.6 n rad/s 

Exciting force amplitude: 

P,n= 89 N 

Equivalent spring constant: 

k = (4)(175 N/m) = 700 N/m 

Natural frequency: 

fk 1 700 
° Jn \ m _ V 91 


= 2.7735 rad/s 

Frequency ratio: 

co f _ 1.6 n 
(O n ~ 2.7735 


= 1.8123 

Critical damping coefficient: 

c c = 2-fkm 


= 2V(700)(91) 


= 504.78 N- s/m 

From the derivation given in Problem 19.147, the amplitude of the force transmitted to the foundation is 



1 - 


( (Or V 




= 1 - (1.8123) 2 =-2.2844 


( 1 ) 
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PROBLEM 19.149 



A simplified model of a washing machine is shown. 
A bundle of wet clothes forms a weight w b of 20 lb in 
the machine and causes a rotating unbalance. The 
rotating mass is 40 lb (including m b ) and the radius of 
the washer basket e is 9 in. Knowing the washer has an 
equivalent spring constant k — 70 lb/ft and damping 
ratio £ — c/c c = 0.05 and during the spin cycle the drum 
rotates at 250 rpm, determine the amplitude of the 
motion and the magnitude of the force transmitted to 
the sides of the washing machine. 


SOLUTION 


Forced circular frequency: 

System mass: 

Spring constant: 

Natural circular frequency: 

Critical damping constant: 
Damping constant: 


®/ = 


(2;r)(250) 

60 

W 401b 


m — — =- 

8 32.2 

k = 70 lb/ft 


= 26.18 rad/s 



c c = ijhn = 2^(70) ( 3 ^-) = 18.650 lb • s/ft 




= (0.05X18.650) = 0.9325 lb • s/ft 


Unbalance force: 


w. 


8 


P m = m h e0) } 


ft1(26.18 rad/s ) 2 =319.28 lb 
V 32.2 )\\2 J 


The differential equation of motion is 

mx. + cx + kx - P m sin co f t 

The steady state response is 

x - x m sin (cOj-t -cp) x = co { x m cos [co f t- cp) 
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PROBLEM 19.149 (Continued) 


where 


M k - mcoj j + (cCOf ) 2 


319.28 


- (JV) ( 26 - 18 > 2 ] 2 + [(0.9325X26.18)] 
319.28 319.28 


7<-781.42) 2 +(24.413) 2 


781.796 


= 0.40839 ft 


(a) Amplitude of vibration . 


Spring force: 


Damping force: 


( b ) Total force: 

Let 


Maximum force. 


x = 0A0839sin(a) f t - <p) 
x = (26.18)(0.40839)cos(<y / r- <p) 

= 10.6917 cos {(o f t - (p) 

kx = (70)(0.40839)sin(<y / -/ - (p) 

= 28.588 sin (co f t-(p) 

cx = (0.9325)(10.6917)cos {co f t - (p) 

- 9.91Qlcos(o)ft - (p) 

F - 28.588 sinicOft - (p) + 9.91Q\cos{(Ojt - cp) 

F - F m cos i//suFo)^ -(p) + F m sin ///sinte r - <p) 
= F m sin (o) f t-(p+y/) 

Fm = F^ cos 2 ys + F^ sin 2 ys 

- (28.588) 2 + (9.9701) 2 
= 916.65 


x m - 4.90 in. -4 


F m = 30.31b ◄ 
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PROBLEM 19.150* 

For a steady-state vibration with damping under a harmonic force, show that the mechanical energy dissipated 
per cycle by the dashpot is E = ncx m (D f , where c is the coefficient of damping, x m is the amplitude of the 
motion, and co f is the circular frequency of the harmonic force. 


SOLUTION 

Energy is dissipated by the dashpot. 

From Equation (19.48), the deflection of the system is 

x = x m sin (co f t - <p) 


The force on the dashpot. 


F d =cx 


F d = CX m (O f cos ( co f t - (p) 


The work done in a complete cycle with 


2 K 


(Of 


cos (co D t — (p) 


E — J F d dx (i.e., forcexdistance) 
dx — x m (Oj cos (co f t - (p)dt 

C IntCOf 2 7 7 

E = J ^ cx m (o f cos" (co f t - (p)dt 
[1-2 cos (co f t -(/>)] 


E = cx 2 m (o) 


■ In!co f 1- 2COS (COj t - 


E = 


E = 


CX m 0) f 


0 2 
2 sin {(Oft -(, 


-dt 


co 


7 


iTClCDf 


2 ,2 
CX m (O f 


7.7c 2 

-(sin(27T — cp) + sin (p) 

(Of (Of 


E-Kcx~ n (Of Q.E.D. 4 
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PROBLEM 19.151* 

The suspension of an automobile can be approximated by the 
simplified spring-and-dashpot system shown, (a) Write the differential 
equation defining the vertical displacement of the mass m when the 
system moves at a speed v over a road with a sinusoidal cross section of 
amplitude 8 m and wave length L. (b) Derive an expression for the 
amplitude of the vertical displacement of the mass in. 


SOLUTION 


(a) 


I 


T IL 

pos • w 



c 'fe-© 


I Y.F = ma: W -k(S, + x-S)-c\—-^~ 

1 dt dt j 


d 1 x 
dr 2 


Recalling that W = k8 sV we write 


d x dx , , dd 

m —r- + c-1- kx = ko + c — 

dt~ dt dt 


( 1 ) 


Motion of wheel is a sine curve, 8 = S m sin 0 ) f t. The interval of time needed to travel a distance L at a 


speed v is t-—. 

v 

Thus, 

and 

Thus, Equation (1) is 


2k 2k 2 kv 


a f = — = 'l 
T f 


c. c. . dS 8..,2k 

8 - d^^mcOft —cos co r t 


dt 


d x dx ■ , ~ ^ 

m -he-h kx - (ksmcOft + cco f cos co r t)d,„ A 

dt dt f f f 
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P = P m sin (Oft 



ft tV) ft 


PROBLEM 19.152* 

Two blocks A and B, each of mass m, are supported as shown by three springs of 
the same constant k. Blocks A and B are connected by a dashpot, and block B is 
connected to the ground by two dashpots, each dashpot having the same coefficient 
of damping c. Block A is subjected to a force of magnitude P - P m sin co f t. Write 
the differential equations defining the displacements x A and x B of the two blocks 
from their equilibrium positions. 


SOLUTION 





Since the origins of coordinates are chosen from the equilibrium position, we may omit the initial spring 
compressions and the effect of gravity 

For load A, 

+ | YjF = ma A \ P m sm( 0 ft + 2k(x B —x A ) + c(x B —x A ) = rnx A (1) 


For load B, 


+1 1.F = ma B : -2 k(x B — x A ) — c(x B — x A ) — kx B - 2 cx B = mx B (2) 

Rearranging Equations (1) and (2), we find: mx A + c(x A —x B )+ lk(x A —x B ) = P m sin io f t A 

mx B + 3cx b - cx A + 3 kx B - lkx A — 0 A 
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R 



PROBLEM 19.153 

Express in terms of L, C, and E the range of values of the resistance R 
for which oscillations will take place in the circuit shown when switch S 
is closed. 


SOLUTION 



For a mechanical system, oscillations take place if c<c c (lightly damped). 


But from Equation (19.41), 

c r — 2m. — = 2\jkm 

V m 


Therefore, 

c < 2 V km 

(1) 

From Table 19.2: 

c — ► R 



m —*- L 



k — — 

C 

(2) 

Substituting in Eq. (1) the analogous electrical values in Eq. (2), we find that oscillations will take place if 
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PROBLEM 19.154 


Consider the circuit of Problem 19.153 when the capacitor C is removed. If switch S is closed at time t - 0, 
determine (a) the final value of the current in the circuit, (b) the time t at which the current will have reached 
(1 — He) times its final value. (The desired value of t is known as the time constant of the circuit.) 
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PROBLEM 19.155 

Draw the electrical analogue of the mechanical system shown. (Hint: Draw the loops 
corresponding to the free bodies m and A.) 


lA 



T P = P m sin (Oft 


SOLUTION 


[ (cU 



We note that both the spring and the dashpot affect the motion of Point A. Thus, one loop 
in the electrical circuit should consist of a capacitor {k. => and a resistance (c => R). 

The other loop consists of (P m sinner —- E m sin (Oft), an inductor (m —- L) and the 
resistor (c —* R). 

Since the resistor is common to both loops, the circuit is 


E = G W^S \ N lOj E ^ 
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PROBLEM 19.156 

Draw the electrical analogue of the mechanical system shown. (Hint: Draw the 
loops corresponding to the free bodies m and A.) 
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PROBLEM 19.157 (Continued) 


Substituting into the results from Part (a), the analogous electrical characteristics, 

d m 

R —(q A -<lm) + — 9«=0 ◄ 

Clt y C y 

L ~yf~ + R -y ( q >n -d A )= E ,n sin ^ 

nf at 

Note: These equations can also be obtained by summing the voltage drops around the loops in the circuit of 
Problem 19.155. 
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PROBLEM 19.158 


Write the differential equations defining (a) the displacements of the masses ni\ 
and m 2 , (b) the charges on the capacitors of the electrical analogue. 
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PROBLEM 19.159 

'T 



An automobile wheel-and-tire assembly of total weight 47 lb is attached to a mounting 
plate of negligible weight which is suspended from a steel wire. The torsional spring 
constant of the wire is known to be K - 0.40 lb • in./rad. The wheel is rotated through 
90° about the vertical and then released. Knowing that the period of oscillation is 
observed to be 30 s, determine the centroidal mass moment of inertia and the 
centroidal radius of gyration of the wheel-and-tire assembly. 


SOLUTION 


Torsional spring constant: 

K = 0.40 lb • in/rad = 33.333x10"' lb • ft/rad 

Let the wheel-and-tire assembly be rotated through the small angle 6. The moment that the wire exerts on the 

assembly is 


-Ke Iol 

l 

ii 


EM =EM eff =/a: -K6 = Ia=I6 

Q) - (J) 

o 

ii 

^b 

||l-H 

+ 

:bb 


r 

o>l=j (1) 

Frequency: 

/ = 1 = 1 = 0.033333 H_ 

T 30 s z 


co n = 27tf = (2^)(0.033333) = 0.20944 rad/s 

From Eq. (1), 

j K _ 33.333xlO -3 lb-ft/rad 
~ co;~ (0.20944 rad/s) 2 

Centroidal mass moment of inertia: 

7 = 0.75990 lb • s 2 • ft 7 = 0.760 lb • s 2 • ft ◄ 

Mass: 

W 47 lb , 

in — — = -— = 1.4596 lb • s /ft 

g 32.2 ft/s 2 

Centroidal radius of gyration: 

P = 7 = °- 75990 lb ' s ' ft = 0.52061 ft 2 
m 1.4596 lb-s~/ft 


k = 0.7215 ft 7 = 8.66 in. ◄ 
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_ PROBLEM 19.160 

The period of vibration of the system shown is observed to be 0.6 s. After cylinder B has been 
removed, the period is observed to be 0.5 s. Determine ( a ) the weight of cylinder A, (b) the 
constant of the spring. 

-L 

I A 

3 lb B 
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PROBLEM 19.163 (Continued) 


Then 


0.66667 


1-1^ 


-0.66667 <0.16 


0.66667 -0.66661 + 0.66667 


/ \2 

v"«y 


<0.16-0.16 


V m n J 


0.82667 


f co, A 


v®»y 


<0.16 


<y 


7 


< 


0.16 


<a. V 0.82667 


= 0.43994 


Maximum allowable circular frequency . 

co f < (0.43994)(14.186 rad/s) 


(Of < 6.24 rad/s A 
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PROBLEM 19.164 

: :: ^ = 8 n,/|' t The block shown is depressed 1.2 in. from its equilibrium position and released. 

Knowing that after 10 cycles the maximum displacement of the block is 0.5 in., 
determine (a) the damping factor c/c, (b) the value of the coefficient of viscous 
damping. (Hint: See Problems 19.129 and 19.130.) 

i I 

jfc_ 



PROPRIETARY MATERIAL. © 2013 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed, 
reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited 
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student using this Manual, 
you are using it without permission. 


2480 





PROBLEM 19.164 (Continued) 


(b) Critical damping coefficient. 

c c = 2 ml— (Eq. 19.41) 

V m 


or 

c c = 2 -Jkm 

c c = 2.991 lb-s/ft 


From Part (a), 

— = 0.01393 

c c 



c = (0.01393X2.991) 


Coefficient of viscous damping. 


c = 0.0417 lb-s/ft ◄ 
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6 in. — 

-* - 18 in.-► 


o 



B 


< k = 5 lb/ft 

< 


c = 0.5 lb- s/ft 



PROBLEM 19.165 

A 4-lb uniform rod is supported by a pin at O and a spring at A, 
and is connected to a dashpot at B. Determine (a) the differential 
equation of motion for small oscillations, ( b ) the angle that the 
rod will form with the horizontal 5 s after end B has been pushed 
0.9 in. down and released. 
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PROBLEM 19.165 (Continued) 


Equation (2) becomes 



0 




0.07246 


(0.15) = 0.3375 


k 

4 



( b ) Substituting e h into the above differential equation, 


0.07246(9+ 0.3375(9+ 1.25(9 = 0 ◄ 


0.07246/1 2 + 0.3375/1 +1.25 = 0 

_ (-0.3375 + fo.3315) 2 - 4(.07246)(1.25)) 

(2)(0.07246) 

_ (-0.3375 + ^(-0-2484) 

~ (2X007246) 

/l = -2.329 ±3.439/ 

Since the roots are complex and conjugate (light damping), the solution to the differential equation is 
(Eq. 19.46): 


Initial conditions. 


From Eq. (3): 


<9 = 6 0 e~ 2329 ' sin (3.939 1 + (/>) 
(Sy B )(! 0) =0.9 in. 

m )=<++, M 

18 in. 18 
(9(0) = 0.05 rad 


(9(0) = 0 

(9(0) = 0.05 = 0 {) sin0 

(9(0) = 0 = -2.329<9 0 sin^ + 3.439(9 0 cos^ 


tan^ 


3.439 
2.329 
0.9755 rad 

-—-= 0.06039 rad 

sin (0.9755) 


0 ) 
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PROBLEM 19.165 (Continued) 

Substituting into Eq. (3), 

6 = 0.06039e“ 2 ' 329 ' sin (3.439f + 0.9752) 

LT) 

II 

< 

6 = 0.06039e _(2 ' 329,(5) sin [(3.439)(5) + 0.9752] 


= 0.06039e -11 ' 645 sin (18.1702) 

= (0.06039X8.7627 x10~ 6 )(-0.6283) 

= -0.332xl0~ 6 rad 6 - -19.05xl0~ 6 degrees A 
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PROBLEM 19.166 

A 400-kg motor supported by four springs, each of constant 150 kN/m, and 
a dashpot of constant c = 6500 N • s/m is constrained to move vertically. 
Knowing that the unbalance of the rotor is equivalent to a 23-g mass 
located at a distance of 100 mm from the axis of rotation, determine for a 
speed of 800 rpm (a) the amplitude of the fluctuating force transmitted to 
the foundation, ( b ) the amplitude of the vertical motion of the motor. 
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PROBLEM 19.166 (Continued) 


Amplitude of vibration. Use Eq. (19.53). 


p m 



Where 


and 


f 

1- 

\ 2 

1 




if 0Jf ) 

\ C c ( 



= 1 - (2.1631) 2 =-3.679 


= (2)(0.20978)(2.1631) = 0.90755 


26.904xl0~ 6 
f-3.619) 2 + (0.90755) 2 
= 7.1000xl0~ 6 m 


Resulting motion: 

Spring force: 

Damping force: 

Let 

Total force: 

(a) Force amplitude . 


( b ) Amplitude of vibration . 


x = x m sin {(Oft - (p) 

X = CO f X m COS (COjt - (p) 

F s = kx = kx m sin ( COj t -<p) = 4.26 sin (C0j-t - (p) 

F d = cx = cco f x m cos {(o f t ~(p) = 3.8663cos ((Oft - (p) 

F s = F m cos I// sin (oo f t - (p) and F d = F m sin /// cos {(Oft - <p) 

F = F m cos y/ sin (a> f t -<p) + F m sin y/ cos {(o f t - (p) 

= F m sin {(O f t (p-vyf) 

F m =V^» cos ^) 2+ ( F m sin 'n 1 

F m =-j( kx , n ) 1 +{c(OfX m ) 2 

= V(4.26) 2 +(3.8663) 2 F m = 5.75 N ◄ 

x m = 0.00710 mm A 
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PROBLEM 19.167 

The compressor shown has a mass of 250 kg and operates at 2000 rpm. At this operating condition the force 
transmitted to the ground is excessively high and is found to be mrOJj where mr is the unbalance and c Of is the 
forcing frequency. To fix this problem, it is proposed to isolate the compressor by mounting it on a square 
concrete block separated from the rest of the floor as shown. The density of concrete is 2400 kg/m 3 and the 
spring constant for the soil is found to be 80 x 10 6 N/m. The geometry of the compressor leads to choosing a 
block that is 1.5 m by 1.5 m. Determine the depth h that will reduce the force transmitted to the ground by 75%. 


Compressor 



1.5 m 


clay soil 


SOLUTION 

Forced circular frequency corresponding to 2000 rpm. 

(2;r)(2000) 


0J f=- 


60 


= 209.44 rad/s 


In the first case the natural frequency is very large so that the transmitted force is mrcoj. 
After the problem is fixed, the transmitted force is 

P„, 


P = kx,„ = 


1-|1A 


Since the motion is out-of-phase, 


P = 


mrCO 


7 


S-i -> 


SO -i 


But 


P = (1 — 0.75 )mr(Of = 0.25 inrcol 


( 1 ) 

(2) 
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PROBLEM 19.167 (Continued) 


Equating expressions (1) and (2) dividing by mrcoj , 

- K -= 0.25 


®L| _i 

0 )„ ' 


-1 = 4 

O n 


co n — —j=co f = —J=(209.44) = 93.664 rad/s 

S 45 

k 

— = <°n 

m 

k 80xl0 6 N/m miftl 

m = — = - - = 9119 kg 

co; (93.664 rad/s) 2 

Required properties of the attached concrete block. 

m - 250 kg = 8869 kg 

. mass 8869 kg . . 3 

volume =-=-- = 3.6954 m 

density 2400 kg/m 

area = 1.5 m x 1.5 m = 2.25 m 2 


Mass: 


depth 


volume 3.6954 m 


area 


2.25 m“ 


h = 1.642 m A 
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PROBLEM 19.168 

3*_ U 


a *’ 

A small ball of mass m attached at the midpoint of 
a tightly stretched elastic cord of length / can slide 

F 

i 

i T < 

on a horizontal plane. The ball is given a small 
displacement in a direction perpendicular to the 
cord and released. Assuming the tension T in the 
cord to remain constant, (a) write the differential 
equation of motion of the ball, (Z?) determine the 
period of vibration. 


2 

' 2 
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PROBLEM 19.169 



A certain vibrometer used to measure vibration amplitudes consists 
essentially of a box containing a slender rod to which a mass m is 
attached; the natural frequency of the mass-rod system is known to be 5 
Hz. When the box is rigidly attached to the casing of a motor rotating at 
600 rpm, the mass is observed to vibrate with an amplitude of 0.06 m. 
relative to the box. Determine the amplitude of the vertical motion of the 
motor. 


SOLUTION 



Natural frequency: 

fn = 5 Hz 

(o„ - 271 f n =31.416 rad/s 


Forcing frequency: 

fj = 600 rpm = 10 Hz 
(Of = 2 nff = 62.832 rad/s 


Ratio: 

(Of 

-4- = 2.000 



S,n S m S m 

) 2 l-(2) 2 -3 



x — !* 


Relative motion: 

A 4 

y m - X m ~ ^ X m 


The observed relative motion is 

y, n = 0.06 in. 



x m=\y m =\( 0-06 in.) 

x m = 0.045 in. -4 
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PROBLEM 19.170 


If either a simple or a compound pendulum is used to determine experimentally the 
acceleration of gravity g, difficulties are encountered. In the case of the simple pendulum, 
the string is not truly weightless, while in the case of the compound pendulum, the exact 
location of the mass center is difficult to establish. In the case of a compound pendulum, 
the difficulty can be eliminated by using a reversible, or Kater, pendulum. Two knife edges 
A and B are placed so that they are obviously not at the same distance from the mass center 
G, and the distance / is measured with great precision. The position of a counterweight D 
is then adjusted so that the period of oscillation t is the same when either knife edge is 
used. Show that the period r obtained is equal to that of a true simple pendulum of length l 
and that g = 4jCllf. 
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PROBLEM 19.170 (Continued) 

Thus, 

AG = GA' and BG = GB' 

That is, 

A - A' and B = B' 

Noting that 

l A ~ ^ B ~ ^ 


x-2n — 

U 

or 

r W r L 

ii 

&0 
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